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Abstract 
TEMPERATURE-BASED STRUCTURAL IDENTIFICATION AND HEALTH 
MONITORING FOR LONG-SPAN BRIDGES 
 
Matthew T. Yarnold 
 
 Temperature-based methods for the structural evaluation and monitoring of long-
span bridges were investigated. The motivation for the work stemmed from the critical 
need for further assessment and preservation techniques for long-span bridges, which 
represent the most critical (and in many cases irreplaceable) nodes within the 
transportation network. Through this work, several methods were developed which utilize 
temperature as the forcing function to experimentally characterize the structure. This 
approach is novel and represents a potential improvement over current methods (e.g. 
ambient vibration monitoring) which do not allow the full transfer function of the bridge 
to be obtained.  
 In particular, this research developed and investigated three temperature-based 
evaluation methods. The first, termed Temperature-Based Structural Identification 
(TBSI), follows from the traditional structural identification framework. This approach is 
used for direct correlation of the input (temperature) and output responses (strains and 
displacements) for finite element (FE) model calibration and parameter identification. 
The second method, termed Temperature-Based Structural Health Monitoring (TBSHM), 
utilizes a streamlined approach to continually track and identify variations in key 
temperature-based response patterns. An interpretation framework using changes in these 
patterns to guide proactive maintenance and preservation practices was also developed. 
xxxvi 
 
The last method, termed Periodic Temperature-Based Assessment (PTBA), aims to 
directly (i.e. without the use of an FE model or baseline information) characterize the 
performance of key mechanisms of a bridge by measuring physically meaningful and 
easily interpreted response metrics.  
 The research concluded temperature-based experimentation provides valuable 
insight into the performance of long-span bridges. TBSI exhibits accurate and reliable 
identification of FE model boundary and continuity conditions with clear advantages over 
ambient vibration model updating. The use of TBSHM has also indicated encouraging 
contributions to conventional SHM approaches. A distinct baseline was identified as the 
relationship between local strains, global displacements, and temperature variation which 
produces unique planes in 3D space. These 3D planes have greater sensitivity to 
parameter modification when compared to ambient vibration methods and show promise 
for identification of outliers. Additionally, quantitative performance measures were 
developed for PTBA of long-span bridges. This approach can improve current evaluate 
methods of movement mechanisms and assess long-term durability of a structure. 
Overall, TBSI, TBSHM, and PTBA have shown substantial benefits for advancing our 
understanding of constructed long-span bridge behavior. 
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Chapter 1: Introduction 
1.1 Background and Motivation 
 This thesis aims to advance the state of the art related to quantitative long-span 
bridge assessment, inclusion of both Structural Identification and Structural Health 
Monitoring. Long-span bridges support vital arteries for national transportation systems 
and serve as lifelines across waterways and otherwise impassable terrain. In addition, 
they play a substantial environmental, social, and economic role in their respective 
regions. Many long-span bridges have become irreplaceable due to political, historical, 
and financial reasons. The situation has warranted an aggressive approach to bridge 
evaluation and a proactive approach to management in an attempt to secure the indefinite 
preservation of such structures. 
 To date, long-span bridge assessment almost exclusively employs on visual 
inspection procedures and numerical simulations. Since the mid-1970s the United States 
Department of Transportation has required that all bridges be subjected to visual 
inspections that satisfy the National Bridge Inspection Standards (NBIS) at a minimum of 
every 2 years (FHWA). In addition to these rather cursory inspections, many bridge 
owners opt to carry out more in-depth, “arms length” inspections that examine all 
structural members close-up. Such inspections come with a cost however, which (at the 
time of this writing) can range from $400,000 to over $1 million (not including user 
costs) depending on the bridge.  
In an attempt to supplement these qualitative, condition-driven assessment,  many 
bridge owners elect to have engineering consultant construct element-level finite element 
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models to estimate load ratings, fatigue life, seismic vulnerability, etc. While the 
construction of such models has become commonplace, there is also growing recognition 
that the uncertainties associated with assumed boundary and continuity conditions, 
material properties, mass and mass distribution, dead load distribution, etc., drastically 
reduces their usefulness.   
 As a result, many owners have elected to incorporate measurements and testing of 
long-span bridges to validate/correlate FE models as part of the assessment process. 
While this approach is only now entering the realm of common practice, its roots date 
back more than a century (Maillart 1907). The formulation of this process, know as 
Structural Identification (St-Id), was detailed in a seminal paper by Liu and Yao (1978) 
nearly 35 years ago. The process of St-Id integrates visual assessment and numerical 
finite element (FE) analysis with direct measurements for calibration of FE models and 
scenario analysis. Figure 1-1 illustrates the general six step St-Id process (Aktan et al. 
1997). 
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Figure 1-1 - Structural Identification Process 
 In current practice, modal testing, through ambient vibration measurements, is the 
most common approach for St-Id of long-span bridges (ASCE and SEI 2011). While such 
experimental approaches have proven quite useful over the last several decades, they 
have many drawbacks, which include: 
 Unknown input that assumes wide banded white noise. 
 Predicated on modal theory assumptions (linearity, stationary, etc.). 
 Not applicable for identification of local responses. 
 Extensive data processing and storage is required. 
 Large overhead in terms of sensors, data processing knowledge and experience. 
 Field measurements have also been utilized in long-term applications such as 
structural health monitoring (SHM) systems. SHM is the practice of identifying and 
tracking performance of a structure by measured data (static or dynamic) and analytical 
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simulation. The process is used in conjunction with heuristic experience so that future 
performance of the structure can be addressed in a proactive manner.  
 The cost-benefit for SHM applications has come into question by bridge owners. 
Long-term measurement and storage of various parameters (strain, displacement, 
acceleration, etc.) is well established. However, using this information for effective 
decision making has had limited success. 
 As a result of the high level of importance of long-span bridges combined with 
the limited techniques available for detailed assessment, unique methods have been 
researched as part of this thesis. These methods focus on utilizing temperature as the 
forcing function for long-span bridge evaluation. The underlying concept, benefits, and 
limitations are provided in the following chapters. 
1.2 Objectives and Scope 
 This research project aims to develop and evaluate temperature-based methods for 
long-span bridge evaluation (as an alternative to the current ambient-vibration-based 
approaches). These methods utilize temperature as the forcing function to obtain the full 
input-output relationship (or transfer function) that defines certain structural behaviors. 
Specifically, three temperature-based bridge evaluation methods were developed as part 
of this thesis and evaluated using a combination of laboratory experiments, numerical 
simulations, and field monitoring. Each of the three methods is identified and briefly 
described in the following. 
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1. Temperature-Based Structural Identification (TBSI): TBSI follows the traditional 
St-Id framework with the a-priori modeling and experimentation steps 
appropriately modified to allow for the simulation and measurement of 
temperature-driven responses (Figure 1-2). For the research reported herein, the 
experimental measurands were limited to temperature, temperature gradients, 
strains, and displacements. Once captured the measured inputs and responses are 
used to update the a-priori FE model in either a linear or nonlinear manner, 
depending on the observations and the ultimate objectives of St-Id effort.  
 
Figure 1-2 - TBSI Process 
TBSI
(1) Observation & 
Conceptualization
(2) A-Priori 
Modeling
(Temperature 
Analysis)
(3) Experiment
(Measurement of Local, 
Global, and Temperature 
Response)
(4) Processing & 
Interpretation of 
Data
(5) Temperature-
Based Model 
Updating
(6) Utilization of 
Model for 
Simulations
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2. Temperature-Based Structural Health Monitoring (TBSHM): TBSHM utilizes a 
streamline approach to continually track and identify variations in key 
temperature-based response patterns (Figure 1-3). Where TBSI only provides an 
assessment measure for a snapshot in time; TBSHM has the ability to track bridge 
performance throughout the life-cycle allowing for proactive maintenance and 
preservation to be performed. 
 
Figure 1-3 - TBSHM Process 
3. Periodic Temperature-Based Assessment (PTBA): PTBA aims to directly (i.e. 
without the use of a FE model or baseline information) characterize the 
performance of key mechanisms of a bridge by measuring physically meaningful 
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and easily interpreted response metrics. While this does not provide the benefits 
of continual monitoring found in TBSHM, it remains capable of providing 
quantitative and objective measures of performance with a periodic approach that 
is more in-line with current assessment procedures.   
 An overall approach was developed combining the three temperature-based 
bridge evaluation methods described above. Figure 1-4 illustrates the primary steps to 
perform the analysis. 
 
Figure 1-4 - Overall Approach to Temperature-Based Long-Span Bridge Evaluation 
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 The primary advantages of these temperature-based approaches over the ambient-
vibration alternative include: 
(1) Ability to measure the input-output relationship (transfer function) 
(2) Relatively large signal-to-noise ratios caused by the significant strains and 
displacements resulting from temperature changes and gradients 
(3) Greatly reduced effort to process and interpret the resulting data 
(4) Greatly reduced data storage requirements due to relatively slow sampling speeds 
(5) An ability to capture both linear and nonlinear behaviors 
(6) Significantly lower overall cost due to (2) through (5) above 
 A major challenge for this technique is that the demand (temperature change) and 
response (member heating / cooling) are time dependent. Therefore, timeframe is a 
downside of a temperature based approach. For bridges located in the northeastern part of 
the United States several months to a year are needed of data collection to record 
sufficient response. In addition, using temperature as the structural demand for 
experiments is a unique approach that may be viewed as indirect. Ideally live load 
response is measured to predict live load response and vibration response is measured to 
predict vibration response. The temperature-based methods described above, aim to not 
only predict temperature response, but inform a FE model(s), enhance a SHM system, 
and evaluate long-term performance of the structure. 
 To achieve these goals, 3 primary objectives of the research were adopted: 
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1. Develop and evaluate TBSI, TBSHM, and PTBA methods through simulation 
models, laboratory experiments, and field testing of a long-span bridge. 
2. Compare and contrast TBSI, TBSHM, and PTBA with alternative approaches 
used in current practice. 
3. Establish guidelines and recommendations related to the use of TBSI, TBSHM, 
and PTBA for assessment of common long-span bridge vulnerabilities. 
1.3 Thesis Structure 
 The thesis was divided into 16 main chapters. The first 6 chapters focus primarily 
on the background research and laboratory testing. Each of these chapters is briefly 
described below. 
 Chapter 1 provides a brief background of current long-span bridge evaluation 
techniques. A need for additional assessment approaches is demonstrated. In 
addition, the objectives, scope, and thesis structure are presented. 
 Chapter 2 provides a comprehensive literature review on the past and current 
temperature-based bridge research. The focus was placed on three main areas; 
design (development of predictive measure), damage detection, and structural 
health monitoring.  
 Chapter 3 explains the theoretical basis for the research. The basic principles of 
heat transfer, thermoelasticity, and dynamic and thermal material effects are 
discussed. 
 Chapter 4 illustrates the instrumentation, data acquisition, and simulation models 
utilized for the temperature-based research. Explanation of the sensing technology 
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and data acquisition system selected for the study is provided. The various types 
of simulation models available for temperature-bases analysis are also discussed. 
 Chapter 5 documents and explains the temperature-based experiments conducted 
on plate members. The experiments demonstrated temperature response can be 
measured with conventional sensing technology and numerically simulated with 
FE analysis. In addition, linearity was validated between the measured 
temperature and strain responses. 
 Chapter 6 documents and explains the temperature-based experiments conducted 
on multi-element specimens in the Drexel University laboratory. The specimens 
included a steel frame and a combined aluminum-steel frame. The experiments 
demonstrated temperature response can be measured and numerically simulated 
for more complex systems (compared to single element experiments). 
Additionally, continuity and boundary conditions were identified through 
temperature-based response.   
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Figure 1-5 - Thesis Framework for Chapters 7-15 
 The remaining chapters of the thesis developed the three temperature-based 
methods outlined in Section 1.2. The division of chapters follows from the steps required 
to perform each of the methods. Figure 1-5 illustrates the thesis framework for Chapters 
7-15. In addition, each of the chapters is briefly described below. 
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 Chapter 7 illustrates observation and conceptual of the TPB. A discussion is 
provided on the historical review of the bridge, visualization of the structure, 
along with a qualitative risk assessment. 
 Chapter 8 describes the construction of the TPB a-priori FE model. All necessary 
steps for model development are discussed along with the model verification.  
 Chapter 9 discusses the extensive experimental program performed on the TPB. 
The primary experiment included a long-term instrumentation setup measuring 
local strains, global displacements, and temperature variation. A separate 
experiment was conducted in the laboratory to identify the coefficient of thermal 
expansion for the structural steel. In addition, two side experiments were 
conducted to investigate the effects of differential gage heating and evaluate the 
local temperature gradients through thermal imaging. 
 Chapter 10 describes the temperature-based FE model calibration approach 
developed for TBSI. The chapter also includes an FE model calibration study of 
the TPB arch span. 
 Chapter 11 provides a means of comparison and assessment of the TBSI method 
with a conventional ambient vibration based St-Id of the TPB. A description of 
the experiment, data processing, and model calibration process are discussed. 
 Chapter 12 compares the results from the temperature-based and vibration-based 
model calibrations. A discussion on each parameter, followed by post calibration 
sensitivity studies and scenario analysis, are presented. 
 Chapter 13 evaluates the TBSHM method, which uses temperature-based 
measurements for structural health monitoring applications. A unique approach is 
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presented that utilizes the relationship between measured local strain, global 
displacement, and temperature variation. This relationship is evaluated in detail 
through benchmark problems, sensitivity studies and case studies. Additionally, 
an application is provided for the TPB arch span. 
 Chapter 14 compares temperature-based versus vibration-based structural health 
monitoring baseline criteria. Sensitivity studies of each method are provided 
along with the advantages and disadvantage of each method. 
 Chapter 15 describes PTBA aimed at interpretation of the structures long-term 
durability through identifying and evaluating the key structural mechanisms. 
General guidelines are presented. 
 Chapter 16 discusses the overall conclusions from the research. The primary 
contributions of TBSI, TBSHM, and PTBA are presented. 
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Chapter 2: Literature Review 
 Research in the field of bridge temperature effects have been primarily performed 
over the last 50 years. The specific topics related most to the research performed under 
this thesis can be subdivided into three main areas. The first is design related research of 
bridge temperature effects aiming to develop predictive measures for future design. The 
second is damage detection research through modal testing. Damage detection 
researchers have developed ways to understand temperature effects on dynamic 
properties of a structure to filter the response and identify true damage. The final area of 
research is through structural health monitoring of long-span bridges. Methods have been 
developed to monitoring temperature response and/or filter out the effects to identify 
other parameters. 
2.1 Design 
 One subset of temperature-based bridge research has focused on development of 
predictive measures for future design. This research primarily started 50 years ago and 
has continued until the present day. The main reason it has continued over the past 50 
years is due to the different structure types developed along with the desire of engineers 
to create bridges with less expansion devises. 
 In the 1960's there was a lack of rational design criteria for thermal stresses and 
movements. Thermal effects in both simple span and continuous bridges were generally 
ignored, and it was assumed that movements at the expansion devices would relieve any 
induced stresses. However, nonuniform temperature distributions (gradients) throughout 
the depth of a bridge can create local stresses of considerable magnitude (Reynolds and 
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Emanuel 1974). There were many uncertainties as to how to calculate thermal stresses 
induced by temperature gradients. The need for more research of thermal bridge behavior 
bridges was expressed editorially in 1960 (ENR 1960).  
 Field testing began to target temperature-based bridge behavior. A composite 
steel girder bridge was evaluated in Charlottesville, Virginia (Zuk 1965). Instrumentation 
included thermocouples and strain gages. A continuous temperature variation was 
observed due to conduction and radiation. Vertical temperature differentials as high as 42 
○F were recorded. Generally the interior beams lower flanges were close to air temp due 
to the high conductivity of steel. The variation of temperature through the depth of the 
steel beam was much less than the concrete deck (lower thermal conductivity). The 
exception was early morning hours where the entire bridge was often at a constant 
temperature (matching ambient). 
  Early procedures to determined thermal stresses in composite steel and concrete 
bridges were developed (Berwanger and Symko 1974; Zuk 1965). Methods of thermal 
analysis were developed for other types of bridges, such as concrete box girder bridges 
(Hunt and Cooke 1975; Priestley 1972) and steel composite box girder bridges (Dilger et 
al. 1983). Temperature induced stresses and displacements theory was also developed for 
continuous, skew girder bridges (Rahman and George 1979) and verified experimentally 
(Rahman and George 1980).  
 Methods for calculation of thermal stresses expanded for different types of 
structures, but were all dependent on an accurate prediction of the temperature 
distribution. The fundamentals of heat transfer were the same for all types of structures, 
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but different methods were employed to solve the heat transfer equations. A two-
dimensional, finite element, heat flow method was implemented (Berwanger and Symko 
1974; Emanuel and Hulsey 1978; Lanigan 1973). Sinusoidal boundary conditions 
representing actual weather patterns were applied by Emanuel and Hulsey, while 
Berwanger and Sympko assumed steady-state boundary conditions.  
 A finite difference method to solve the one-dimensional heat flow equations for a 
concrete box-girder bridge was developed (Hunt and Cooke 1975). In addition, a finite 
difference solution of one-dimensional heat flow was developed, supplemented by 
experimental temperature distribution for different types of bridges (Emerson 1973). 
Cundy and Nydahl (1979) presented a one-dimensional algorithm for prediction of the 
thermal response of a composite bridge deck. Priestley and Thurston (1976) observed 
close agreement among finite difference solutions of the two-dimensional finite element 
and experimental solutions. Another approach was developed using a one-dimensional 
heat flow model placing an emphasis on the statistical aspect of the thermal loading 
rather than on the numerical modeling of the heat flow problem (Ho and Liu 1989). 
 Research was performed to address the desire of engineers to remove expansion 
devices from bridges. A numerical study was performed using uniform, linear, and 
nonlinear stress profiles in composite bridges. Variation of span length, number of spans, 
and support conditions were evaluated (Emanuel and Taylor 1985).  
 Parametric studies were conducted on composite bridges subjected to solar 
radiation. This included plate girder, single-cell box girder, and two-cell steel composite 
box girder bridges. The most influential parameter for thermal behavior was the slab 
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overhang-to-depth ratio (Fu et al. 1990). Additional parametric studies were performed 
on skewed and curved bridges (Chen 2008; Moorty and Roeder 1992). It was identified 
that pier stiffness had a greater impact on the movements of long bridges. They also 
concluded that one-dimensional analysis was adequate for obtaining temperature 
distributions in composite bridges.  
 More recently design related temperature research has focused on integral 
abutment bridges and prestressed concrete segmental box girder bridges. Integral 
abutment bridges pose new challenges for engineers due to their semi-rigid boundary 
conditions. Parametric studies and predictive models have been developed to capture 
their behavior (Kim and Laman 2010). Segmental box girder bridges also introduce new 
questions for engineers with regard to thermal behavior. The temperature gradient effects 
of these structures have been field instrumented and evaluation in various studies 
(Hedegaard et al. 2012; Kim and Laman 2010).  
2.2 Damage Detection 
 A substantial subset of temperature-based bridge research has been developed due 
to the emergence of the damage detection through modal testing. Damage detection 
techniques have aimed to exploit changes in modal parameters to identify the extent and 
location of damage in structures. Early research neglected environmental effects on 
modal parameters. However, the changes due to these effects can often mask structural 
changes caused by damage (Sohn et al. 1999). One of the most important environmental 
effects on modal parameters is temperature (Peeters and De Roeck 2001). As a result, 
researchers have focused on better understanding the influence temperature has on 
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dynamic properties along with finding ways to remove the temperature effects to identify 
true damage.  
 Adaptive filters have been developed to remove environmental effects. One 
approach utilized a liner four-input (two time and two spatial dimension) filter to 
temperature to reproduce the natural variability of the frequencies with respect to time of 
day (Sohn et al. 1999). This model was used to establish confidence intervals of the 
frequencies in order to discriminate natural variation due to temperature. Data from a full 
scale test of a short span bridge (Alamosa Canyon Bridge) in New Mexico was used for 
the study. Two addition approaches were presented for removing environmental effects 
from modal parameters. This included a polynomial regression model where basic outlier 
detection was used. In addition, an interpolation method was evaluated (Worden et al. 
2002).  
 Substantial research was performed on the Z-24 Bridge project that measured the 
modal properties of the structure and then intentionally induced damage. A focus was 
placed on identifying this damage properly without false alarms due to temperature 
(Peeters and De Roeck 2001). One year of test data was recorded before damaging the 
structure. Black-box models were created from the healthy bridge which described the 
variations of eigenfrequencies as a function of temperature. Therefore, new data was 
compared with the models and if eigenfrequency exceeds certain confidence intervals, it 
likely damage induced and not due to temperature. In the case of the Z-24 Bridge test 
they were able to successfully identify damage using ARX (auto-regression output and an 
eXogeneous input) models. 
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 A separate approach was developed for removal of environmental effects called 
support vector machine (SVM) technique (Ni et al. 2005). The approach was tested on a 
cable-stayed bridge in China. The results indicated that the SVM model exhibited good 
capabilities for mapping temperature and model frequencies. However, with respect to 
long-span bridges, dynamic characteristics of the bridge due to damage may be smaller 
than changes in dynamic characteristics due to temperature variation (Xu and Wu 2007).  
 Additional research has aimed to identify the structural vibration characteristics 
versus a non-uniform temperature distribution. Past research focused on constant ambient 
temperature or surface temperature. However, in reality the structural temperature 
variation is not uniform. An approach to capture this nonuniform temperature variation 
was developed by (Xia et al. 2011). 
 Automated finite element updating approaches have been research that use modal 
test data. This test data must be filtered for temperature effects. A fourth order regression 
model was applied to fit the relationship between natural frequency and temperature 
(Moaveni and Behmanesh 2012). The model was used to remove the temperature effects 
from the identified natural frequencies. Therefore, the probability of identifying damage 
has increased. 
2.3 Structural Health Monitoring 
 Recently temperature-based bridge research has been developed as part of the 
structural health monitoring (SHM) field. SHM systems have become more common, 
specifically with long-span bridges. The temperature-based measurable response is 
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typically significant for long-span bridges. Therefore, methods have been developed to 
monitoring these effects and/or filter out the effects to identify other parameters.  
 A SHM system was implemented on the Dafosi cable-stayed bridge in China (Zhu 
et al. 2003). A temperature monitoring component was incorporated to provide 
calibration data needed to compensate for thermal effects with the strain gage readings. 
The objective was to identify the pure traffic-induced loading effects by removing the 
thermal strain. 
 Omenzetter and Brownjohn examined the dependence between time histories of 
static strain and temperature records from a multi-sensor SHM system installed on a post-
tensioned box girder bridge. The strain-temperature relationship was modeled using a 
seasonal autoregressive integrated moving average model with exogenous inputs 
(SARIMAX). Through studying the SARIMAX model, using outlier detection and 
intervention techniques, various unusual events such as structural change can be revealed 
(Omenzetter and Brownjohn 2005). 
 A long-term monitoring application was applied to a cable-stayed bridge that 
evaluated expansion joint performance (Ni et al. 2007). Expansion joint movement was 
highly correlated with effective temperature and a linear regression model was applied. 
Appropriate confidence intervals were used to formulate condition alarms. Yang et al. 
performed a condition assessment of a suspension bridge using long-term monitoring 
data. Here the approach was to use a six order polynomial fit of the recorded data. The 
correlations of frequency-temperature and beam end displacement-temperature were 
used. These values were then compared to the future measured data and error terms were 
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tracked. A control chart approach was used to identify outliers for condition monitoring 
(Yang et al. 2010). 
 A reliability estimation study was developed for a long-span truss bridge in the 
United States using SHM data (Catbas et al. 2008). Temperature induced responses were 
incorporated into the analysis. The temperature response had a significant effect on the 
overall system reliability. 
 Another long-term monitoring application was performed that focused on 
deflections for several bridges in Switzerland over 20 years (Burdet 2010). Particular 
attention was given to thermal effects of the structure. Correlation between measured 
temperature, gradients, and the position of the bridge was illustrated. Methods for 
compensating for the thermal effects were outlined. This allowed for filtering the largest 
thermal effects and accurately assessing irreversible deformations. 
 Evaluation of the thermal effects of another cable-stayed bridge was conducted. 
Here a validation of the bridge design and finite element model was performed  (Cao et 
al. 2011). Temperature related effects were compared with the finite element model and 
conclusions were drawn which included identification of a jammed expansion joint. 
 Duan et al. conducted a long-term SHM application of a tied arch bridge in China. 
Linear regression models were used to map the strain responses with temperature. This 
model was then used to separate the temperature effect from the overall response to 
identify abnormal changes in the structure. The model parameters (variation rate and 
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intercept) and the residual responses after removing temperature were used for novelty 
detection and overload alarming (Duan et al. 2011).  
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Chapter 3: Theoretical Basis 
 In order to fully understand the manner in which temperature affects bridges 
certain basic principles must be discussed. The majority of these principles are presented 
below under three different topics; heat transfer, thermoelasticity, and dynamic and 
thermal material effects. Heat transfer discusses the mechanisms in which heat is 
transferred throughout a structure thus varying the temperature of the members. 
Thermoelasticity then calculates the corresponding effects (stresses, strains, and 
displacements) associated with these variations in temperature. Dynamic and thermal 
material effects are included due to their role in temperature related bridge behavior. A 
summary of the primary uncertainties for temperature-based structural identification is 
also provided. 
3.1 Heat Transfer 
 The thermal behavior of bridges is a complex field due to the manner in which 
heat is exchanged between a structure and its surrounding environment (Figure 3-1). This 
heat exchange is the transfer of thermal energy from one physical system to another. 
Therefore, when the structure and surrounding environment are at different temperatures 
heat transfer occurs so that thermal equilibrium is reached. The three primary modes in 
which heat transfer occurs are: conduction, convection, and radiation. A brief summary 
of each mode is provided below. 
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Figure 3-1 - Heat Exchange between a Bridge and the Surrounding Environment 
3.1.1 Conduction 
 In conductive heat transfer, heat passes through the substance of a body (solid, 
liquid, or gas) or across the interface between two bodies in contact. Thus, structures 
exposed to the atmosphere are subjected to an exchange of thermal energy with their 
surroundings. This heat transfer is governed by the Fourier heat conduction partial 
differential equation given below in Eq. 3-1.  
 
݌ܿ ߲߲ܶݐ ൌ ݇ ቆ
߲ଶܶ
߲ݔଶ ൅
߲ଶܶ
߲ݕଶ ൅
߲ଶܶ
߲ݖଶቇ Eq. 3-1 
where: 
Convection
Solar Radiation
Reflected 
Radiation
Diffused 
Radiation
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p = density; 
c = specific heat; 
k = thermal conductivity; 
T = temperature of the material; 
t = time; 
 
 Typically in bridge structures the transfer of heat is negligible along the length of 
the structure. Therefore, the above equation is simplified for two-dimensional and, in 
some situations, one-dimensional analysis (Tong et al. 2002). A solution for this partial 
differential equation requires initial conditions as well as specific boundary conditions. 
 It is important to note, in bridge structures the primary materials are steel and 
concrete. These materials have significantly different thermal diffusivity (a). Thermal 
diffusivity is a measure of how quickly a material changes temperature (Eq. 3-2). The 
thermal diffusivity of steel is many times greater than that of concrete. Therefore, heat 
will transfer faster through steel than it will concrete. This can significantly affect the 
temperature distribution throughout the bridge.  
 
ܽ ൌ ݇ߩܿ Eq. 3-2 
 
3.1.2 Convection 
 Heat convection is the transfer of energy between a member and its environment 
due to fluid motion. Therefore, the temperature distribution of bridges is affected through 
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convective heat transfer between the exposed surfaces and the ambient air. The basic 
equation for convective heat transfer (qc) is given below in Eq. 3-3. 
 
ݍ௖ ൌ ݄௖ݏሺ ௦ܶ െ ௔ܶሻ Eq. 3-3 
where: 
hc = convective heat transfer coefficient; 
s = surface area; 
Ts = temperature of the surface in contact with the air; 
Ta = ambient air temperature; 
 
 The primary factors that affect the heat transfer coefficient (hc) include wind 
speed, surface roughness, and the configuration, or orientation, of the exposed surfaces 
(Emanuel and Hulsey 1978). As a result, convective heat transfer will be notably 
different for different bridge types. For example, an exposed steel truss bridge will have 
notably different heat transfer rates compared to a prestressed concrete box beam bridge. 
However, the convective heat transfer would typically be similar for the members within 
a given structure. 
3.1.3 Radiation 
 All bodies emit energy by means of electromagnetic waves. The propagation of 
electromagnetic waves as a result of temperature difference is called thermal radiation. 
This radiation may come from the surrounding environment (irradiation) or from the sun 
(solar radiation). The transfer of heat by irradiation between members and the ambient air 
is expressed as: 
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ݍ௥ ൌ ݄௥ሺ ௥ܶସ െ ௔ܶସሻ Eq. 3-4 
where: 
hr = radiation heat transfer coefficient; 
Tr = temperature of the surface external radiation source; 
Ta = surface temperature of the body; 
 
 The heat transfer coefficient (hr) includes some of the primary parameters that 
affect the rate of heat transfer. This includes the emissivity of the member's surface, 
geometric shape factor, and the Stefan-Boltzman constant. As a result, bridge parameters 
such as material, coating, and geometry contribute to the rate of heat transfer.   
 The primary source of thermal radiation that affects bridge temperatures is solar 
radiation (Dilger et al. 1983). Solar radiation reaches surfaces primarily through direct 
beam radiation, diffusive radiation from the sky, and reflective radiation from 
surrounding objects. The incoming radiation reaching the surface may be absorbed by the 
surface and converted to heat or reflected back. Eq. 3-4 can be transformed into the 
following equation (Threlkeld 1970) to account for solar radiation: 
 
ݍ௦ ൌ ߙܫ െ ߝߪሺ ௦ܶସ െ ௞ܶସሻ Eq. 3-5 
where: 
α = bridge surface absorptivity; 
I = solar radiation incident on bridge surface; 
ε = bridge surface emissivity 
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σ = Stefan-Boltzman constant 
Ts = shade temperature in the air (K); 
Tk = sky temperature (K); 
 
 Solar radiation (I) depends on the solar constant (Isc) and absorption of the solar 
energy in the atmosphere. The solar constant Isc is the average amount of solar radiation 
received by a surface perpendicular to the radiation at the earth's mean distance from the 
sun (Fu et al. 1990). The energy reaching the earth's surface by direct radiation can be 
expressed by: 
 
ܫ ൌ ்݇ܫ௦௖ Eq. 3-6 
where: 
Isc = solar constant 
kT = transmittal factor 
 
 The transmittal factor (kT) depends on atmospheric conditions. This includes the 
air mass ratio (affected by elevation above sea level), local climate conditions, and level 
of pollution (Muhi 2002). Therefore, the amount of solar radiation that strikes a surface 
depends on its location, orientation of the earth, and time of day. 
3.2 Thermoelasticity 
 The change in temperature due to the transfer of heat causes thermal effects on 
structural members. These effects include thermal stresses, strains, and displacements 
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(translation and rotation). A discussion on thermal effects due to uniform temperature 
change and temperature gradients, for isotropic materials, is presented below. 
3.2.1 Uniform Temperature Change 
 First consider the effects of a uniform temperature change on an unrestrained 
elastic member (Figure 3-2). The uniform temperature change (T) produces a thermal 
deformation (T) that can be determined with Eq. 3-7. Thermal strain (T) can be obtained 
simply by dividing the thermal deformation by the length of the member (L). As a result, 
thermal strain can be obtained from the product of the coefficient of thermal expansion 
() and the change in temperature (Eq. 3-8). 
 
Figure 3-2 - Linear Expansion due to Uniform Temperature Increase (T) 
 
ߜ் ൌ ߙሺ∆ܶሻܮ Eq. 3-7 
 
ߝ் ൌ ߙሺ∆ܶሻ Eq. 3-8 
where: 
 = coefficient of thermal expansion; 
T = uniform temperature change; 
L
T0
T
T0 + T
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L = initial length of the member; 
 
 An unrestrained member under uniform temperature change is subjected to strain, 
however no associated stress is induced. For a uniform temperature change, thermal 
stress results from boundary constraints that restrict the thermal deformation. To clearly 
illustrate the components of thermal strain that produce thermal stress a simple example 
is provided. Consider a simply supported beam with a longitudinal spring support at one 
end (Figure 3-3).   
 
Figure 3-3 - Simply Supported Beam with a Longitudinal Spring 
 To determine the stress resulting from a uniform temperature change (T) a 
statically indeterminate problem results. The solution can be obtained using 
superposition1. The spring is removed and then applied as the redundant reaction. First 
consider the member without the spring support (Figure 3-4a). The unrestrained 
deformation (T) can be calculated as show above in Eq. 3-7 (Figure 3-4b). The 
redundant force provided by the spring is applied and the corresponding deformations can 
                                                 
1 The distribution of stress or strain plays a negligible role in influencing the temperature field. This lack of 
coupling enables the temperature field to be determined independently of any consideration of stress or 
strain. Therefore, the method of superposition can be implemented (Ugural, A. C., and Fenster, S. K. 
(2003). Advanced Strength and Applied Elasticity, Prentice Hall.). 
L
T ks
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be identified (Figure 3-4c). The restrained deformation (R) can be calculated form Eq. 
3-9.  
 
ߜோ ൌ ܨௌܮܣܧ  Eq. 3-9 
where, 
FS = spring force; 
A = cross-sectional area of the beam; 
E = modulus of elasticity of the beam; 
 
Figure 3-4 - (a) Beam without Spring Support (b) Total Deformation due to 
Uniform Temperature Change (c) Restrained Deformation due to Spring Force 
(shown in the negative direction) 
 From Figure 3-4c the portion of deformation that produces stress and strain can be 
observed. The unrestrained deformation (U) produces strain without stress. However, the 
L
(a)
T
U R
(b)
(c) FS
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restrained deformation (R) produces stress without strain. Therefore, the resulting 
thermal stress (T) can be calculated from Eq. 3-10. Note the spring force and resulting 
axial stress is compressive for a positive T (tensile for a negative T).  
 
ߪ் ൌ ܧߝோ ൌ ܨ௦ܣ  Eq. 3-10 
where, 
Fs = spring force (ksu); 
ks = linear spring stiffness; 
R =restrained strain (FS/(AE)); 
 
3.2.2 Temperature Gradients 
 When temperature varies between faces of a member a temperature gradient is 
produced. Therefore, the temperature varies over the depth, or width, of a member. This 
temperature difference produces a non-uniform strain variation. Typically temperature 
gradients subjected to bridge members behave in a linear manner. As a result this 
discussion is restricted to linear temperature gradients. 
 A temperature gradient induces flexural deformation (i.e. curvature). Consider a 
simply supported beam that is subjected to a temperature change T1 on the upper surface 
and T2 on the lower surface (Figure 3-5a). This temperature difference produces a 
curvature of the beam axis (Figure 3-5b). Looking at an element of length dx cut from the 
beam (Figure 3-5c) the expression for curvature () can be identified (Eq. 3-11). 
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Figure 3-5 - Simply Supported Beam with a Vertical Temperature Gradient 
 
߮ ൌ ݀ߠ݀ݔ ൌ
ߙሺ ଶܶ െ ଵܶሻ
݄  Eq. 3-11 
 
 Analogous to uniform temperature change (Section 3.2.1), temperature gradients 
do not produce stress if the member is unrestrained for the corresponding deformation. 
Thermal stress results from boundary constraints that restrict the thermal deformation. To 
clearly illustrate the components that produce thermal stress a simple example is 
L
(a)
T1
T2
h
x dx
(b)
T1 > T2
dx
T1
T2
h/2
h/2
d
(c)
34 
 
provided. Consider a simply supported beam with a rotational spring support at one end 
(Figure 3-6).   
 
Figure 3-6 - Simply Supported Beam with Rotational Spring 
 To calculate the bending moments and corresponding stresses, from a linear 
temperature gradient, a statically indeterminate problem results. The solution can be 
obtained using superposition. The spring is removed and then applied as the redundant 
reaction. First consider the member without the spring support (Figure 3-7a). The 
unrestrained curvature can be determined from Eq. 3-11. To calculate the member 
rotation Eq. 3-11 can be integrated over the length of the beam. From geometry the 
unrestrained member end rotation, due to the temperature gradient, (T) is simply half the 
total rotation (Eq. 3-12). Figure 3-7b illustrates the deflected shape of the unrestrained 
case.  
L
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Figure 3-7 - (a) Beam without Spring Support (b) Total Deformation due to 
Temperature Gradient (c) Restrained Deformation due to Spring Moment 
 
ߠ் ൌ ߙሺ ଶܶ െ ଵܶሻܮ2݄  Eq. 3-12 
 
 The redundant force provided by the spring is applied and the corresponding 
deformations can be identified (Figure 3-7c). The restrained rotation (R) at the left end 
can be calculated from Eq. 3-13. 
 
ߠோ ൌ ܯௌܮ3ܧܫ  Eq. 3-13 
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 To determine the stress distribution in the beam the moment from the spring must 
be determined. The spring moment (MS) can be calculated from Eq. 3-14. Substituting 
Eq. 3-12 and Eq. 3-13 into Eq. 3-14 yields a closed form solution for the spring moment 
(Eq. 3-15). Note a simple linear bending moment distribution results with a magnitude of 
MS at the left end of the beam varying to zero at the right end. The corresponding stresses 
can be easily determined. 
 
ܯௌ ൌ ݇௦ߠ௎ = ݇௦ሺߠ் െ ߠோሻ Eq. 3-14 
 
 ܯௌ ൌ ݇௦ߙሺ ଶܶ െ ଵܶሻ2݄ሺ1 ൅ ݇௦ܮ3ܧܫሻ
 Eq. 3-15 
 
 Figure 3-7c illustrates the portion of deformation that produces stress and strain. 
The unrestrained rotation (U) produces strain without stress. However, the restrained 
rotation (R) produces stress without strain. Note for a fully restrained beam, subjected to 
a linear temperature gradient, the corresponding thermal stresses (T) can simply be 
obtained from Eq. 3-16. 
 
ߪ் ൌ ߮ܧݕ Eq. 3-16 
where, 
= curvature; 
y = distance to the neutral axis; 
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3.3 Dynamic & Thermal Material Effects 
 Not only the temperature change, but the rate of temperature change can have an 
effect on the behavior of a structural system. Rapid temperature changes, or shocks, that 
occur within a short period of time can produce unique variations in movement and adjust 
future intrinsic stresses (Catbas and Aktan 2002). This can be as a result of "stick-slip" 
type behavior or other nonlinear mechanisms within the structure.  
 Temperature variation can have an effect on boundary and continuity conditions 
(Catbas and Aktan 2002). This will affect the static and dynamic behavior of a bridge 
structure. As a result, the structural behavior of the bridge continually varies due to 
constant changes in temperature. 
 Material parameters also change with temperature. The severity of this change is 
dependent on the material type and the magnitude of temperature variation. For example, 
the stiffness of structural steel does not significantly change due to typical environmental 
changes. However, the toughness of the material may change which influences ductile 
versus brittle behavior. On the other hand, asphalt significantly changes stiffness due to 
environmental changes. For low temperatures asphalt can freeze and noticeably alter the 
behavior of a bridge structure. 
3.4 Bridge Related Uncertainties 
 There are many uncertainties when performing a temperature-based evaluation of 
a long-span bridge. However, the primary temperature related uncertainties can be 
grouped into 4 main categories. 
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1. Boundary / Continuity Conditions - The global and local restraints of a structural 
system can significantly affect the behavior. Boundary and continuity conditions 
can affect the temperature related response of the bridge. In addition, the 
temperature itself can affect the boundary and continuity conditions.  
2. Gradients (Temperature Distribution) - The primary cause of temperature 
gradients are from solar radiation. Shading of some members compared to others 
can have a substantial influence on the temperature response. 
3. Different Materials - Bridges commonly utilize steel and concrete. The thermal 
conductivity of each material is significantly different, which directly affects the 
rate of temperature change. In addition, the coefficient of thermal expansion for 
each material is different which affects thermal strains and displacements. 
4. Dynamic Temperature Effects - Time dependent mechanisms can be present 
within bridge structures. The behavior of these mechanisms is difficult to identify 
and can have a substantial effect on temperature related response.  
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Chapter 4: Instrumentation, Data Acquisition and Simulation Models 
4.1 Instrumentation 
4.1.1 Sensing Technology 
 To conduct temperature-based research, accurate measurement of thermal strains 
and displacements along with the corresponding temperatures must be achieved. Two 
sensing technologies are capable of meeting this requirement; vibrating wire (VW) and 
fiber optics. VW technology was selected due to its proven accuracy, repeatability, and 
stability with temperature-based measurements. Zalt (2007) performed an independent 
evaluation of various sensors for bridge health monitoring. The VW gages outperformed 
the fiber optic gages in the thermal test category as well as accuracy and repeatability. 
 An overall assessment of VW sensors for use in bridge evaluation is shown in 
Table 2, indicating the overall advantages and disadvantages of VW sensors.  
Table 4-1 - VW Overall Assessment 
 
Advantages Disadvantages
 - Stable measurements  - Can not perform high speed measurements
 - Rugged for field work  - Typically require welded or epoxy attachment
 - Inexpensive  - Thermistor is offset 3/8" from member surface
 - Little data storage required  - Sensor must be covered from radiation affects
 - Thermistor included for temp. measurement
 - Imune to electrical noise
 - Cable length not an issue
 - Can be used with wireless nodes
Vibrating Wire Sensing
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4.1.2 Concept 
 The VW concept involves the use of a steel wire that is tensioned between two 
mounting blocks attached to the surface of the member under investigation. Deformations 
(i.e. strains) of the surface will cause the two mounting blocks to move relative to one 
another, thus changing the tension in the steel wire. The tension in the wire is obtained by 
plucking the wire and measuring its resonant frequency of vibration. This frequency is 
converted to strain or displacement (Geokon 2012). This process is briefly explained 
below. 
 The fundament frequency of vibration of the wire (f) is related to its force (F), 
length (L), and mass (m) through Eq. 4-1. 
 
݂ ൌ 12ܮඨ
ܨ
݉ Eq. 4-1 
 
 The mass of the wire, per unit length, (m) can be calculated from Eq. 4-2. In 
addition, the weight of the wire (W) can be evaluated from Eq. 4-3.  
 
݉ ൌ ܹܮ݃ Eq. 4-2 
 
 
ܹ ൌ ߩܽܮ Eq. 4-3 
where, 
g = acceleration due to gravity; 
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 =wire density; 
a = cross-sectional area of the wire; 
 
 Substituting Eq. 4-2 and Eq. 4-3 into Eq. 4-1 results in Eq. 4-4.  
 
݂ ൌ 12ܮඨ
ܨ݃
ߩܽ  Eq. 4-4 
 
 The force in the wire (F) can be expressed in terms of strain () and the modulus 
of elasticity of the wire (E) (Eq. 4-5). Combining Eq. 4-5 with Eq. 4-4 and rearranging 
terms yields an expression that directly calculates strain from the wire frequency (Eq. 
4-6).  
 
ܨ ൌ ߝܧܽ Eq. 4-5 
 
 
ߝ ൌ ߩሺ2ܮ݂ሻ
ଶ
ܧ݃  Eq. 4-6 
 
 It should be noted that the thermal strain measured from VW gages, attached to 
steel members, only measures the restrained portion of the member strain2 (refer to 
Section 3.2.1 for discussion of thermal strain components). This is due to the fact that 
while a member is restrained from expansion the vibrating wire is not. Therefore, the 
                                                 
2 This assumes the coefficient of thermal expansion as the steel wire is the same as the steel member 
instrumented. If the member has a different coefficient of thermal expansion compared to the wire, then 
this difference must be taken into account. 
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expansion of the wire causes a reduction in wire tension and a reduction in frequency. 
This results in a strain measurement decrease, corresponding to an increase in 
compressive stress equal to the temperature-induced stress in the member. As a result, the 
measured thermal strain can be directly multiplied by the modulus of elasticity of the 
member to obtain the thermal stress (Geokon 2012).  
4.1.3 Geokon VW Gages 
 For this project VW strain and displacement gages were provided by Geokon 
Incorporated. Geokon VW gages utilize an electromagnetic coil that plucks the wire and 
measure its resonant frequency. In addition, a thermistor is included inside the sensor to 
allow for temperature measurement with each reading. Figure 4-1 illustrates the primary 
components of a Geokon 6" VW strain gage (Model 4000).  
 
Figure 4-1 - Geokon 6" VW Strain Gage (Model 4000) (Geokon 2012)  
4.2 Data Acquisition 
 The data acquisition equipment utilized on this project was manufactured by 
Campbell Scientific Incorporated. The critical component for VW data acquisition is the 
Spectrum Analyzer Module (AVW200 series) (Figure 4-2). This module excites the VW 
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sensor, measures the response, performs a Fourier transform on the response, and returns 
the result within 2 seconds (resolution better than 0.001 Hz). Because spectral analysis 
can distinguish signal from noise on the basis of frequency content, this method offers 
improved immunity to competing noise. 
 
Figure 4-2 - Spectrum Analyzer Module (AVW200) 
 Campbell Scientific provides a series of measurement and control dataloggers 
compatible with the Spectrum Analyzer. For this research project the CR1000 model was 
selected based on proven performance, cost, and durability (Figure 4-3). Note the 
CR1000 can connect with up to 4 Spectrum Analyzers.  
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Figure 4-3 - Measurement and Control Datalogger (CR1000) 
 The Spectrum Analyzer Module contains only 2 channels therefore most 
situations dictate the use multiplexers for measurement of the VW gages. The Campbell 
Scientific AM16/32B multiplexer was used for this project. Each multiplexer includes 32 
open channels, however each VW gage uses 2 channels to record simultaneous strain and 
temperature. Both channels of the Spectrum Analyzer can connect with a multiplexer and 
4 Spectrum Analyzers can be connected to the CR1000 datalogger (Figure 4-4). As a 
result, 128 VW strain gages can be recorded per CR1000.  
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Figure 4-4 - Data Acquisition Network Setup 
4.3 Simulation Models 
 The simulation models created throughout this research project utilized Strand7 
finite element software (Strand7 Release 2.4.4). Strand7 is a fully-integrated visual 
environment combined with a suite of powerful solvers that provides functionality in a 
single application. This software is used internationally and has proven to be an excellent 
product. The following sections describe the type of simulation models available for 
temperature-based evaluation. 
Datalogger
Spectrum Analyzers
Multiplexers
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4.3.1 Heat Transfer 
 Strand7 includes two heat transfer solvers. The first is a steady-state solver which 
calculates the equilibrium temperature distribution in the structure and is independent of 
time. The second is a transient solver that calculates the temperature distribution as a 
function of time as a structure undergoes a temperature variation. The solution is carried 
out at a finite number time steps. 
 The heat solvers support three basic modes of heat transfer: conduction, 
convection and radiation (Section 3.1). Models that have only conduction and convection 
heat transfer can be run using the linear solvers. Radiation heat transfer is a nonlinear 
problem requiring the nonlinear steady state or nonlinear transient solvers. 
 Both the steady state and transient temperature distributions can be used as the 
input temperatures in a stress analysis for the calculation of the thermal effects (strain, 
displacement, stresses, etc.).  
4.3.2 Structural Analysis 
 The most common structural analysis solver is the linear static solver. A linear 
static solution by this solver is obtained assuming that the structure’s behavior is linear 
and the loading is static. For the response of a structure to be linear, the mechanical 
behavior of all materials in the model must follow Hooke’s law. This means the element 
forces are linearly proportional to element deformation and when the loading is removed, 
the material returns to its original shape. In addition, the deformations must be small so 
that the deformed geometry is undistinguishable from the original. Because of these two 
assumptions, solutions can be arbitrarily combined to consider more complex loading 
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conditions (superposition). A load is regarded as static if its magnitude and direction do 
not change with time.  
 If nonlinear behavior is to be incorporated into an analysis the nonlinear static 
solver can be utilized. The nonlinear solver takes into account three types of 
nonlinearities: geometric, material, and boundary conditions. The solution is carried out 
at a finite number of load steps. 
4.3.3 Strand7 Interaction with Matlab 
 The Strand7 includes an application programming interface (API) that allows 
programmers to interface their matlab code with Strand7. This makes it possible to create 
a program that can access geometric and result data from Strand7 models. Data obtained 
can then be used by the program for display or further processing. The Strand7 API 
consists of files that contain functions  used to read Strand7 finite element data, modify or 
create Strand7 finite element data, launch the Strand7 solvers, and read Strand7 result 
data (Strand7 Release 2.4.4). 
 The FE model optimizations performed as part of this thesis utilized the Strand7 
API. The general approach was to create an a-priori FE model with Strand7. Then matlab 
code was developed to conduct to optimize the model so that is would better agree with 
measured data. This code defined the optimization parameters and objective function. 
The code would then be executed driving back-and-forth interaction between matlab and 
Strand7 until the specified threshold was met. Figure 4-5 shows a flow chart summarizing 
the optimization process. 
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Figure 4-5 - Optimization Process Using the Stand7 API with Matlab 
 
  
Develop A-Prior FE Model
Define Optimization Parameters 
and Objective Function
Exit Threshold Met & 
Optimized Parameters Identified
Execute Code
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Chapter 5: Single Element Experiments 
 Temperature-based experiments were conducted on plate members with several 
direct objectives. First, the goal was to demonstrate temperature response can be 
measured with conventional sensing technology and numerically simulated with FE 
analysis. Another objective was to ensure linearity exists between the measured 
temperature and strain response.  
5.1 Approach 
 Two different plate elements were tested as part of this phase of research. The 
first specimen was a 10"x3"x0.25" aluminum plate (Figure 5-1) and the second was an 
8.5"x5"x0.5" steel plate (Figure 5-2). Each specimen was instrumented with two 6" 
Geokon vibrating wire (VW) strain gages (model 4000). Loctite epoxy was utilized for 
attachment of the strain gages to the plate elements. 
 
Figure 5-1 - Aluminum Plate with 2-6" VW Strain Gages 
50 
 
 
Figure 5-2 - Steel Plate with 2-6" VW Strain Gages 
 The temperature-based testing of the plate elements was conducted in the 
laboratory at Drexel University. A simple test setup and procedure was applied. First, a 
cooler was filled with ice along the bottom surface. Then, the plate element was propped, 
unrestrained, above the ice and the lid was closed over the cables (Figure 5-3). The 
objective was to cool and then slowly heat the plate and gages.  
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Figure 5-3 - Plate Element Test Setup 
 As stated in Section 4.2, Campbell Scientific data acquisition equipment was used 
to control and record the VW strain gage measurements. Figure 5-4 shows the laboratory 
equipment setup. The strain gages were sampled at a frequency of once per minute 
throughout the experiment. 
Ice
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Figure 5-4 - Data Acquisition Laboratory Equipment 
 The materials utilized for the plate element testing (aluminum and steel) were 
selected for specific reasons. Aluminum was chosen due to its significantly different 
coefficient of thermal expansion compared to that of the steel VW gages. This difference 
allowed for amplification of the response producing a high signal-to-noise ratio (further 
explained below).  
 The steel plate was selected for testing due to the fact that most long-span bridges 
are constructed with steel members. The coefficient of thermal expansion difference 
between the steel plate and the steel VW gages is small. Therefore, the measured 
response, for an unrestrained steel plate, should be nearly zero. As a result, the objective 
of the steel plate experiment was to verify this and to validate the results from the 
Datalogger 
(CR1000)
Spectrum 
Analyzer 
(AVW200)
Multiplexer
(AM16/32B)
Power 
Supply
VW Strain 
Gage Cables
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aluminum plate experiment were due to the material difference and not attachment or 
gage related issues. 
 It is important to discuss what the measured strain represents in the plate 
experiments. The measured strain corresponds with the difference in strain between the 
steel VW gage and the plate element. Since the plate is unrestrained, no strain is 
measured due to support conditions. The only strain measured is due to the restraint of 
the VW gage (tr) (Figure 5-5). This restrained deformation can be calculated from Eq. 
5-1.  
 
Figure 5-5 - Unrestrained Plate Experiment Diagram 
 
∆௧௥ൌ ∆௧௚ െ ∆௧௣ Eq. 5-1 
where, 
L
tg
trtp
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tg = total unrestrained deformation of the gage; 
tp = total unrestrained deformation of the plate; 
 
 Substituting Eq. 3-7 into Eq. 5-1 and dividing through by the length of the VW 
gage (L) the restrained strain of the VW gage is obtained (tr) (Eq. 5-2).  
 
ߝ௧௥ ൌ ሺ∆ߙሻሺ∆ܶሻ Eq. 5-2 
where, 
 = difference in coefficient of thermal expansion between the 
gage and the plate; 
 
5.2 Experimental Results 
 The aluminum and steel specimens were tested separately, each over a period of 
nearly 2 days. The plate and VW gages were cooled and then heated roughly 17 ○F. 
Figure 5-6 shows the temperature time history data for each experiment. Notice the 
consistent temperature measurements between the VW gage pairs.  
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Figure 5-6 - Strain Time History Plot for the Aluminum and Steel Plate 
Experiments 
 As expected, significant strain response was measured for the gages attached to 
the aluminum plate. The peak response was roughly 130 . However, the strain response 
measured from the steel plate was small. Figure 5-7 shows the time history strain data for 
the aluminum and steel plate experiments. The small deviation of strain between gage 
pairs can be attributed to the slight difference in temperature between the two gages. 
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Figure 5-7 - Strain Time History Plot for the Aluminum and Steel Plate 
Experiments 
 The measured strain from the aluminum plate experiment was linear with the 
change in temperature. Figure 5-8 shows a plot of the measured temperature versus 
strain. This check is primarily for data quality purposes. The strain in the aluminum plate 
is essentially linear. Therefore, any nonlinearity would be due to the sensor. The Geokon 
VW gages illustrate linear response from this experiment. 
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Figure 5-8 - Aluminum Plate Temperature vs. Strain Plot 
5.3 Finite Element Results 
 The temperature-based plate test was simulated numerically with Stand7 finite 
element (FE) software. Three models were created using beam, shell, and solid elements 
for the aluminum plate. Rigid links were used to simulate the VW tabs and a cable 
element was used for the gage wire. Figure 5-9 shows the solid element FE model. Each 
model was subjected to the same temperature as that measured. All three models were 
able to accurately simulate the experiment. Table 5-1 provides a comparison of the 
experimental and numerical results.  
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Figure 5-9 - Aluminum Plate FE Model (Solid Elements) 
Table 5-1 - Result Comparison (FE versus Experimental) 
 
  
VW Gage
Plate
FE Model FE Results Test Results % Error
Beam 112.5  0.3%
Shell 112.4  0.4%
Solid 111.3  1.3%
112.8 
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Chapter 6: Multiple Element Experiments 
 After the success of the single element experiments, discussed in the previous 
chapter, additional laboratory tests were conducted. This included a steel frame 
experiment and an aluminum-steel combined frame experiment. The objective was to 
demonstrate temperature response can be measured and numerically simulated for more 
complex systems (compared to single element experiments). Additionally, continuity and 
boundary conditions were to be identified through temperature-based response. Each of 
the experiments and corresponding results are presented below. 
6.1 Steel Frame Experiment 
 Temperature-based experiments were conducted on multiple element specimens 
in the Drexel University laboratory. The first specimen was a steel frame. The structural 
identification process was followed for the study. 
6.1.1 Conceptualization 
 The steel frame was comprised of a steel I-beam (W10x15) and vertical steel 
columns (W12x65). The center-to-center spacing of the columns was 10'-0" with a 
column height of 3'-4". Welded to the top and bottom of the columns were steel plates 
(Figure 6-1). 
60 
 
 
Figure 6-1 - Overall Steel Frame Geometry 
 The boundary conditions at the base of the columns were semi-rigid. Four bolts 
connected the bottom plate to the building floor slab (Figure 6-2). The continuity 
conditions were also semi-rigid. The connectivity was achieved through the use of c-
clamp connections (Figure 6-3).  
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Figure 6-2 - Column Bottom Plate Bolted Connection 
 
Figure 6-3 - Semi-Rigid Beam to Column Connection 
W10x15
W12x65
C-Clamps
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6.1.2 A-Prior Finite Element Model and Sensitivity Study 
 An a-priori finite element (FE) model was created to determine the feasibility of a 
temperature-based experiment. Several analyses were performed to identify response 
levels and ensure sufficient signal-to-noise ratios. In addition, a sensitivity study was 
conducted to determine candidate parameters for identification in future model-
experiment correlation. 
 The a-priori FE model was created with Stand7 software (Figure 6-4). Frame 
elements were used to represent the horizontal beam, which was drawn at the column top 
plate surface elevation. Member offsets were used to shift the beam to the true location. 
Frame elements were also used for the columns. The top and bottom column plates were 
not modeled explicitly. Rigid links were used to connect the top of the columns to the 
bottom of the beam ends. Fully rigid connections between the horizontal beam and 
columns were applied for the a-priori model. In addition, the column base connections 
were fully restrained in all degrees of freedom. 
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Figure 6-4 - A-Priori FE Model 
 Conventional error screening measures were performed on the FE model. This 
included conducting static analyses to ensure symmetry, verify stresses match hand 
calculations, etc.  
 A temperature-based sensitivity study was conducted using the a-priori FE model 
to ensure the selected parameters are adequate for identification. Four parameters were 
selected based on engineering judgment. This included the longitudinal and rotational 
continuity conditions, rotational boundary conditions, and one material property 
(coefficient of thermal expansion ()) (Figure 6-5). The FE model input was a 40○F 
uniform temperature increase. The sensitivity of the parameters was investigated 
individually. Therefore, each parameter was varied while all other parameters were held 
Frame 
Elements
Rigid 
Link
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constant. The variation of strain in the bottom flange of the horizontal beam was 
observed. 
 
Figure 6-5 - Sensitivity Study Parameters 
 The continuity and boundary conditions were varied from fully released to fully 
restrained. This was achieved by varying the rigidity of the connections. The percent 
rigidity was expressed in terms of the longitudinal or rotational stiffness of the element 
adjacent to the node. For example the longitudinal, or axial, stiffness of the element can 
be expressed as ா஺௅ . However, the connection stiffness must vary from zero to infinity. To 
linearize this parameter, with infinite bounds, Eq. 6-1 was used for definition of the 
longitudinal spring connection stiffness (KL). The rigidity factor (RF) was varied from 0 
to 1 to observe the full range of behavior. Notice that as RF approaches 1, the stiffness 
asymptotically approaches infinity (fully fixed connection). Conversely, as RF 
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approaches 0, the stiffness also asymptotically approaches 0 (fully released). Note a 
similar expression was utilized for the rotational stiffness of the connections.  
 ܭ௅ ൌ ܧܣቀ 1ܴܨ െ 1ቁ ܮ
 Eq. 6-1 
where, 
E = modulus of elasticity; 
A = cross-sectional area of the member; 
L = length of the member; 
 
 The sensitivity curves for the continuity and boundary conditions were plotted 
and are illustrated below in Figure 6-6. The longitudinal continuity between the beam and 
columns was the most sensitive varying roughly 63  for the 40○F uniform temperature 
increase. The rotational continuity and boundary conditions were also sensitive to the 
temperature increase varying 26  and 34 , respectively. 
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Figure 6-6 - Sensitivity Plot for Continuity and Boundary Conditions 
 The coefficient of thermal expansion was varied from 80% to 120% of the 
standard value for structural steel (6.5 ൈ 10ି଺/Ԭ). The corresponding sensitivity plot is 
shown below in Figure 6-7. The overall variation was roughly 26 .  
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Figure 6-7 - Sensitivity Plot for Coefficient of Thermal Expansion 
6.1.3 Controlled Experiments 
6.1.3.1 Experimental Setup 
 The steel frame was instrumented with seven VW strain gages. Two gages were 
installed at 1/4 and 1/2 the span of the horizontal beam. The remaining three gages were 
installed at 3/4 span (Figure 6-8). The strain gages were installed along the top surface of 
the top flange and the top surface of the bottom flange. The additional gage at 3/4 span 
was mounted along the web near mid-height (Figure 6-9). No strain gages were installed 
on the columns due to their low aspect ratio (length/depth). Interpretation of measured 
response from the columns would have been difficult due to the turbulence of the strains. 
Note the VW strain gages were all connected to a data acquisition setup as described 
earlier in Section 4.2. 
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Figure 6-8 - VW Strain Gage Locations 
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Figure 6-9 - VW Strain Gages Installed at 3/4 Span 
6.1.3.2 Static Load Experiment 
 A static load test was first conducted on the steel frame. The primary objectives 
were to check data quality. Potential problems that may exist include poor gage bond, 
code related errors, etc. The results were compared to the FE model.  
VW Strain 
Gage (typ)
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Figure 6-10 - Static Load Experiment 
 A static load of 200 pounds was applied to the top surface of the steel beam 
between the 1/4 span gages and the 1/2 span gages (Figure 6-10). For simplicity the 
connection fixity between the horizontal beam and columns was released to obtain a near 
simply supported beam condition. A steel roller was used at one of the beam ends 
locations (Figure 6-11). 
200 lbs
VW Strain 
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Figure 6-11 - Steel Roller Support 
 The results from the static load experiment were positive despite low signal-to-
noise ratios at some locations. Figure 6-12 shows the time history data from the static 
test. The vertical load was applied in 50 pound increments. After 200 pounds was added 
the load was removed in the same sequence.  
Roller 
Support
Beam
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Figure 6-12 - Static Experiment Time History Plot 
 Several data only checks were performed to ensure data quality. The first was 
recovery of the strain gage measurements. All seven strain gages started and ended the 
experiment at roughly the same readings. The second check was to identify symmetry of 
the data over each cross-section. For this experimental setup, the absolute value of 
measurements from the top flange gages should be slightly greater than that of the bottom 
flange gages. This is due to the fact that the eccentricity of the gage wire is further from 
the neutral axis for the top flange gages. The results from Figure 6-12 indicate this was 
the case. A third check compared the magnitude of response at the three cross-sections. 
For this experimental setup and loading, the 1/2 span gages should record the highest 
response followed by the 1/4 span gages and then the 3/4 span gages. Figure 6-13 clearly 
indicates this was the case.  
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Figure 6-13 - Static Load Experiment Strain Profiles 
 The a-priori FE model was used for comparison with the static load test results 
(Figure 6-14). The FE model results were reasonably close to the measured data. 
Therefore, the experimental setup was ready for the temperature-based experiment. Note, 
only the beam portion of the model was used due to the simply supported boundary 
conditions in the experiment.  
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Figure 6-14 - FE Deflected Shape and Stress Profile from Static Loading 
6.1.3.3 Temperature Experiment 
 Temperature-based testing was conducted on the steel frame. This was performed 
by enclosing the entire setup with high grade tarps. Then, five space heaters were used 
along with 2 fans to heat the enclosure (Figure 6-15). The enclosure was heated until a 
near steady-state condition was achieved. This was defined as a 30 minute window where 
the temperature variation was ± 2○F.  
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Figure 6-15 - Temperature Experiment Setup 
 The first temperature-based test was conducted with the horizontal beam fully 
released from the columns. The purpose was to identify the coefficient of thermal 
expansion difference () between the steel frame and steel VW gages. Using Eq. 5-2, 
 was identified as 5 ൈ 10ି଻/○F. The strain gage wire  value is provided by the 
manufacturer as 6.78 ൈ 10ି଺/○ F. Therefore, the steel frame has an  values of 6.28 ൈ
10ି଺/○ F. This means that for every 1○F change in temperature a 0.50 correction is 
required. The correction was applied for all temperature experiment data processing 
(Section 6.1.4). 
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Figure 6-16 - Semi-Rigid Continuity Conditions 
 The next series of temperature-based tests were conducted with semi-rigid 
continuity conditions between the beam and columns. This was achieved with c-clamp 
connections (Figure 6-16). Therefore, partial translational and rotational continuity is 
provided between the beam and columns.  
6.1.4 Processing and Interpretation of Data 
 As described above, the test setup was rapidly heated until a near steady-state 
condition was achieved. Then the setup was rapidly cooled back to the ambient lab 
temperature. Figure 6-17 shows the time history data for a temperature-based experiment 
on the steel frame with semi-rigid connections. Notice the rapid heating and cooling 
causes turbulent response due to differential temperatures between the beam and gages. 
As a result only the near steady-state data is accurate and used for this evaluation. Note 
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the coefficient of thermal expansion difference between the frame and gages is accounted 
for in the results. 
 
Figure 6-17 - Temperature-Based Experiment Time History Plot 
 There was significant strain variation through the horizontal beam cross-section. 
This results from the eccentric support conditions. The beam is restrained from 
elongation at the bottom of the member. Therefore, the restoring force at the beam ends 
acts at an eccentricity causing beam end moments. The resulting near steady-state strain 
and stress profiles are shown below in Figure 6-18. The strain values were adjusted for 
the top and bottom fibers of the beam. The VW strain gages are 3/8" above the mounting 
surface. Notice the bottom flange gages appear to be somewhat affected by their close 
proximity to the heating elements. This was concluded from comparison with the top 
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flange strain measurements, which illustrated consistent response. Therefore, the bottom 
flange gages are simply averaged for the strain profile shown in Figure 6-18. Note the 
finite element model calibration used all measured values. 
 
Figure 6-18 - Strain and Stress Profiles 
 Manual calculations were performed prior to the finite element analysis and 
parameter identification. The objective of the calculations was to determine if the results 
were reasonable and therefore adequate to proceed. A free body diagram of the horizontal 
beam was used with eccentric supports (Figure 6-19). Due to the flexibility of the 
columns, and rotational flexibility at the base of the columns, the eccentricity (e) of the 
support reactions is treated as the unknown. Based on geometry the eccentricity should be 
greater than the distance from the neutral axis (NA) to the bottom of the beam (5 inches) 
and less than the distance from the neutral axis to bottom of the column (45 inches). A 
lower e would indicate stiff columns. Conversely, a high e value would indicate flexible 
columns possibly due to weak rotational restraint at the base.  
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Figure 6-19 - Beam Free Body Diagram for Manual Calculations 
 Linear behavior of the steel frame was assumed, therefore superposition was used 
to identify e. Figure 6-20a illustrates the separated axial force and bending moment stress 
profiles. The result of this approach was simply two equations with two unknowns (P and 
e). The equations were solved and the results are identified in Figure 6-20b. 
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Figure 6-20 - Stress Breakdown Using Superposition 
 The eccentricity (e) was identified as approximately 24 inches from the neutral 
axis (19 inches below the bottom of the beam). This was within the bounds indicated 
above. Therefore, the results were considered reasonable and adequate to continue with 
the study. In addition, the results indicated the columns are flexible. This may be as a 
result of weak rotational boundary conditions. 
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6.1.5 Finite Element Model Optimization and Parameter Identification 
 A single model nonlinear least squares optimization was performed to identify six 
unknown parameters from the steel frame. The six parameters included the four 
continuity conditions and two rotational boundary conditions previously indicated in 
Figure 6-5. The optimization was performed using the Strand7 API with Matlab (Section 
4.3.3).  
 The finite element model updating was performed and the six parameters were 
optimized. Figure 6-21 identifies the optimized parameters along with percent rigidity. 
The corresponding finite element model stress contours and deflected shape are 
illustrated in Figure 6-22.  
 
Figure 6-21 - Optimized Parameters 
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Figure 6-22 - Optimized Finite Element Model Stress Contours and Deflected Shape 
 To clearly illustrate the impact of the finite element optimization a comparison 
was made between the a-prior and optimized models. Figure 6-23a displays the percent 
errors of the a-prior finite element model compared with the strain gage measurements. 
The average error was approximately 195%. Figure 6-23b shows the percent errors of the 
optimized finite element model results. However, for this case the average error was 
approximately 10%. Note the remaining error was attributed to several sources. This 
included small temperature gradients that were ignored. In addition, the assumption of 
linearity also induces error since the structure is not completely linear.  
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Figure 6-23 - (a) A-priori FE Model Percent Errors and (b) Optimized FE Model 
Percent Errors 
6.1.6 Finite Model Simulation 
 An additional finite element model simulation study was conducted. The 
objective of the study was to compare parameter identification of a temperature-based 
test to that of a static load test. The three boundary and continuity conditions illustrated in 
Figure 6-5 were evaluated.  
 The temperature-based test applied a 40○F uniform temperature change to the 
entire finite element mode (Figure 6-24a). The static load test applied a 600lb vertical 
load to the center of the horizontal beam (Figure 6-24b). Note the magnitude of vertical 
load was scaled to produce reasonable strain response in the horizontal beam. 
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Figure 6-24 - FE Simulation Study 
 The approach for evaluating each parameter was to vary the stiffness from 0% to 
100%, in 10% increments, while holding all other parameters constant. An objective 
function was evaluated for each case. For this study the square root sum of squares 
objective function was used (Eq. 6-2). The residual terms (r) were taken as the percent 
difference between the "actual" values and the simulated results. The six strain gage 
locations (Figure 6-8) were again used for this study. Note for simplicity the "actual" 
values were taken as the finite element results setting all investigated parameters equal to 
50% stiffness. 
 
ܱܾ݆ ܨܿ݊ ൌ ඩ෍ݎ௜ଶ
௡
௜ୀଵ
 Eq. 6-2 
 
 The first parameter studied was the longitudinal continuity condition stiffness at 
the beam ends. Figure 6-25 shows the results for each test. As expected the longitudinal 
T = 40○F
Temperature Test
600 lbs
Static Test
(a) (b)
85 
 
continuity stiffness is significantly more sensitive to temperature-based testing than static 
testing. 
 
Figure 6-25 - FE Simulation Study of Longitudinal Continuity Condition Stiffness 
 The second parameter studied was the rotational continuity condition stiffness at 
the beam ends (Figure 6-26). The sensitivity of each test method is similar. However, the 
third parameter studied (rotational support condition stiffness) illustrates much higher 
sensitivity for the temperature-based test (Figure 6-27).  
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Figure 6-26 - Simulation Study of Rotational Continuity Condition Stiffness 
 
Figure 6-27 - Simulation Study of Rotational Support Condition Stiffness 
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 The brief finite element simulation study further indicates the benefits of 
temperature-based testing. For each of the parameters investigated, the temperature-based 
tests illustrated higher sensitivity. Therefore, the study further justifies the use of 
temperature-based testing for parameter identification. 
6.2 Aluminum and Steel Frame Experiment 
 The second multiple element specimen tested in the laboratory was a combined 
aluminum and steel frame. The objective of the experiment was to further demonstrate 
that temperature response can be measured and numerically simulated. In addition, the 
goal was to validate the prior results from the steel frame experiment (presented in 
Section 6.1). Again the structural identification process was followed for the study. 
6.2.1 Conceptualization 
 The combined aluminum and steel frame was comprised of an aluminum tube 
(1.5"x1.5"0.125") and vertical steel columns (W12x65). The center-to-center spacing of 
the columns was 10'-0" with a column height of 3'-4". Welded to the top and bottom of 
the columns were steel plates (Figure 6-28). 
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Figure 6-28 - Overall Aluminum and Steel Frame Geometry 
 The boundary conditions at the base of the columns were semi-rigid. Four bolts 
connected the bottom plate to the building floor slab (Figure 6-2). The continuity 
conditions were also semi-rigid. The connectivity was achieved through the use of c-
clamp connections (Figure 6-37).  
6.2.2 A-Prior Finite Element Model and Sensitivity Study 
 An a-priori finite element (FE) model was created to determine the feasibility of 
the temperature-based experiment. Several analyses were performed to identify response 
levels and ensure sufficient signal-to-noise ratios. In addition, a sensitivity study was 
conducted to determine candidate parameters for identification in future model-
experiment correlation. 
 The a-priori FE model was created with Stand7 software. Frame elements were 
used to represent the horizontal tube. Member offsets were used to shift the tube to allow 
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for the eccentric support conditions. The columns were not modeled for this study. 
Longitudinal and rotational boundary spring supports were used to simulate the combined 
stiffness of the continuity and boundary conditions. This technique was used due to the 
fact that later calibration allows for a maximum of 4 parameters to be updated (Figure 
6-33 illustrates the instrumentation).  
 
Figure 6-29 - A-Priori FE Model 
 Conventional error screening measures were performed on the FE model. This 
included conducting static analyses to ensure symmetry, verify stresses match hand 
calculations, etc.  
 A temperature-based sensitivity study was conducted using the a-priori FE model 
to ensure the selected parameters are adequate for identification. Three parameters were 
selected based on engineering judgment. This included the longitudinal and rotational 
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model support conditions and the coefficient of thermal expansion () (Figure 6-30). The 
FE model input was a 40○F uniform temperature increase. The sensitivity of the 
parameters was investigated individually. Therefore, each parameter was varied while all 
other parameters were held constant. The variation of strain in the bottom of the 
horizontal tube was observed.  
 
Figure 6-30 - Sensitivity Study Parameters 
 The FE model support conditions were varied from fully released to fully 
restrained. This was achieved by varying the rigidity of the connections (explained in 
Section 6.1.2). Note the a-priori model included 50% support stiffness in the longitudinal 
and rotational springs.  
 The sensitivity curves were plotted for the support conditions and are illustrated 
below in Figure 6-31. The longitudinal stiffness was the most sensitive, as expected, 
varying roughly 540  for the 40○F uniform temperature increase. The rotational 
stiffness was also sensitive to the temperature increase varying 130 . Note what is not 
conveyed with the sensitivity plot is the variation of strain through the cross-section. The 
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rotational support stiffness has great affect on this variation. Therefore, both parameters 
are necessary for future updating the FE model to match the measured responses.  
 
Figure 6-31 - Sensitivity Plot for Support Conditions 
 The coefficient of thermal expansion was varied from 80% to 120% of the 
standard value for aluminum (1.3 ൈ 10ିହ/Ԭ). The corresponding sensitivity plot is 
shown below in Figure 6-32. The overall variation was roughly 95 .  
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Figure 6-32 - Sensitivity Plot for Coefficient of Thermal Expansion 
6.2.3 Controlled Experiments 
6.2.3.1 Experimental Setup 
 The aluminum tube was instrumented with four VW strain gages. One gage was 
installed along the top surface at 1/4 and 3/4 span. In addition two gages were installed 
on the top and bottom surface at 1/2 span (Figure 6-33). In addition, a thermistor was 
placed inside the tube near mid-span to provide additional temperature information. Note 
the VW strain gages were all connected to a data acquisition setup as described earlier in 
Section 4.2. 
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Figure 6-33 - VW Strain Gage Locations 
6.2.3.2 Static Load Experiment 
 Similar to the steel frame experiment, a static load test was first conducted on the 
aluminum tube. The primary objectives were to check data quality. Potential problems 
that may exist include poor gage bond, code related errors, etc. Therefore, a simple static 
load experiment was conducted and the results were compared to the FE model.  
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Figure 6-34 - Static Load Experiment 
 A static load of 50 pounds was applied to the top surface of the tube at 3/8 and 5/8 
span (Figure 6-34). For simplicity the connection fixity between the horizontal tube and 
columns was released to obtain a near simply supported condition.  
 The results from the static load experiment were excellent due to the high signal-
to-noise ratios. Figure 6-35 shows the time history data from the static test. Half the 
vertical load was initially applied followed by the remaining load. Removal of the load 
was also conducted with 2 stages. 
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Figure 6-35 - Static Experiment Time History Plot 
 Several data only checks were performed to ensure data quality. The first was 
recovery of the strain gage measurements. All four strain gages started and ended the 
experiment at roughly the same readings. The second check was to identify symmetry of 
the data. The 1/4 and 3/4 strain gages measured nearly identical response illustrating this 
symmetry (Figure 6-35).  
 The a-prior FE model was used for comparison with the static load test results 
(Figure 6-36). The FE model results illustrated excellent correlation with the measured 
data. Therefore, the experimental setup was considered accurate and ready for the 
temperature-based experiment.  
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Figure 6-36 - FE Deflected Shape and Stress Profile from Static Loading 
6.2.3.3 Temperature Experiment 
 Temperature-based testing was conducted on the combined aluminum and steel 
frame. This was performed similar to the steel frame experiment by enclosing the entire 
setup with high grade tarps. Then, five space heaters were used along with 2 fans to heat 
the enclosure. The enclosure was heated until a near steady-state condition was achieved. 
This was defined as a 30 minute window where the temperature variation was ± 2○F.  
 The first temperature-based test was conducted with the horizontal tube fully 
released from the columns. The purpose was to identify the coefficient of thermal 
expansion difference () between the steel frame and steel VW gages. Using Eq. 5-2, 
 was identified as 6.58 ൈ 10ି଺/○F. The strain gage wire  value is provided by the 
manufacturer as 6.78 ൈ 10ି଺/○ F. Therefore, the steel frame has an  values of 1.34 ൈ
10ିହ/○ F. The correction was applied for all temperature experiment data processing 
(Section 6.2.4). 
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Figure 6-37 - Semi-Rigid Tube to Column Connection 
 The next series of temperature-based tests were conducted with semi-rigid 
continuity conditions between the beam and columns. This was achieved with c-clamp 
connections (Figure 6-37). Therefore, partial translational and rotational continuity is 
provided between the beam and columns.  
6.2.4 Processing and Interpretation of Data 
 As described above, the test setup was rapidly heated until a near steady-state 
condition was achieved. Then the setup was rapidly cooled back to the ambient lab 
temperature. Figure 6-38 shows the time history data for a temperature-based experiment 
on the aluminum and steel frame with semi-rigid connections. Notice the rapid heating 
and cooling causes turbulent response due to differential temperatures between the tube 
and gages. As a result only the near steady-state data is accurate and used for this 
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evaluation. Note the coefficient of thermal expansion difference between the frame and 
gages is accounted for in the results. 
 
Figure 6-38 - Temperature-Based Experiment Time History Plot 
 The tube was primarily subjected to axial compression, however noticeable strain 
variation through the cross-section was observed at mid-span. This results from the 
eccentric support conditions. The resulting near steady-state strain and stress profiles at 
mid-span are shown below in Figure 6-39. The strain values were adjusted for the top and 
bottom fibers of the tube. The VW strain gages are 3/8" above the mounting surface.  
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Figure 6-39 - Strain and Stress Profiles at Mid-Span 
6.2.5 Finite Element Model Optimization and Parameter Identification 
 A single model nonlinear least squares optimization was performed to identify 
three unknown parameters from the model. The three parameters included the 
longitudinal support stiffness and each of the rotational support stiffness. The 
optimization was performed using the Strand7 API with Matlab (Figure 4-5).  
 
Figure 6-40 - Optimized Parameters 
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 The finite element model updating was performed and the parameters were 
optimized. Figure 6-40 identifies the optimized parameters along with percent rigidity. 
The corresponding finite element model stress contours and deflected shape are 
illustrated in Figure 6-41. In addition, Figure 6-42 illustrates the percent errors of the 
optimized finite element model compared to the strain cage measurements.  
 
Figure 6-41 - Optimized Finite Element Model Stress Contours and Deflected Shape 
 
Figure 6-42 - Optimized Finite Element Model Percent Errors 
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Chapter 7: Conceptualization of the Tacony-Palmyra Bridge 
The first step in any detailed evaluation is observation and conceptual of the 
structure (Figure 1-4). For this research project the Tacony-Palmyra Bridge (TPB) arch 
span was selected for the study (Figure 7-1). This chapter discusses the historical review 
of the bridge, visualization of the structure, along with a qualitative risk assessment. The 
information was utilized for development of the a-prior finite element model and field 
test experiments discussed in the following chapters. 
 
Figure 7-1 - Tacony-Palmyra Bridge Arch Span 
7.1 History of the Tacony-Palmyra Bridge 
 In August, 1926, the Tacony-Palmyra Bridge Company commissioned a 
feasibility study for a bridge across the Delaware River replacing the ferry that connected 
Tacony, Pennsylvania with Palmyra, New Jersey. As a result, a design for the Tacony-
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Palmyra Bridge (TPB) was conducted by Modjeski, Masters, and Chase. The chief 
engineer on the project was the renowned Ralph Modjeski. Construction began in 
February 1928 and the bridge was opened to traffic on August 14, 1929 (Figure 7-2) 
(BCBC).  
 
Figure 7-2 - Opening Ceremony August 14, 1929 (Photo Credit: Philadelphia 
Inquirer) 
 The TPB has many structural forms due to navigational requirements. To provide 
sufficient horizontal clearance for tows a 550 ft steel tied-arch span was constructed at 
the center of the structure. However, to provide sufficient vertical clearance for ocean-
going vessels a 260 ft bascule span was constructed adjacent to the arch (Figure 7-3). On 
the adjoining sides of the arch and bascule are symmetric 735 ft three span continuous 
half-through steel truss units. The remainder of the structure consists of conventional 
steel girder-floorbeam-stringer type construction. 
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Figure 7-3 - TPB Primary Structural Forms 
 Over the last 84 years that the TPB has been in service, a number of modifications 
have been made to the structure. A list of the primary interventions that impacted the arch 
span is provided below.  
 1929: Modifications made to the arch hangers by reducing the unbraced length 
with the addition of a horizontal member. This was due to vibration issues shortly 
after the bridge was opened. 
 1961: Concrete deck repairs and replacement of the asphalt wearing surface. 
 1965: Hanger repairs. 
 1977: Traffic lanes were reduced from 4 to 3.  
 1988: Vessel impact due to a floating crane. Emergency repairs performed on the 
arch tie during a temporary bridge shut-down. 
 1990: Permanent repairs performed to the arch tie.  
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 1998: Concrete deck replacement along with the installation of modular 
expansion joints. 
 2001: Expansion bearing replacement and fixed connection rehabilitation. 
 2007: Latex modified concrete (LMC) overlay applied to the roadway surface. 
7.2 Selection of the Tacony-Palmyra Bridge Arch Span 
 The TPB arch span was selected for further validation of the temperature-based 
methods for several reasons. First, the current owner of the structure (Burlington County 
Bridge Commission) is dedicated to indefinitely preserve their signature structure. They 
recognize the benefits of in-depth instrumentation and testing for a more aggressive and 
efficient preservation of the bridge.  
 The second reason the TPB arch span was selected had to do with the inherent 
uncertainties associated with the structure. Several key parameters (boundary conditions, 
continuity condition, etc.) are relatively unknown. The standard bridge evaluation 
techniques, targeted at identification of these parameters, have shown limited success. As 
a result, TBSI aims to identify these parameters through finite element model and 
experiment correlation.  
 Finally, the TPB arch span was selected due to the future structural health 
monitoring system (SHM) to be implemented on the structure. Intelligent Infrastructure 
System, LLC (IIS) is scheduled to implement a long-term SHM system on the arch and 
bascule spans. Therefore, the research conducted under this thesis partly focused on 
leveraging the TBSHM method to enhance the future SHM system. 
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7.3 Observation and Conceptualization of the TPB Arch Span 
 Conceptualization of the structure is the first step for any detailed bridge 
evaluation. To fully conceptualize the structure a field visit was initially conducted to 
understand the current condition, bearing details, framing and connection details, etc. The 
extent of the field visit is typically dictated by the quality and completeness of the 
existing documentation. In this case the field visit was short due to the extensive 
documentation obtained for the TPB arch span. 
 The Burlington County Bridge Commission maintains excellent records for the 
TPB. The original plans, rehabilitation drawings, analysis, and inspection reports were all 
available. All existing documents obtained were thoroughly reviewed. A list of the TPB 
documentation is provided below. 
 Shop Drawings (1927) 
 Final Engineers Report and Drawings (1931) 
 Deck Repair Plans (1961) 
 Hanger Repair Plans (1965) 
 Emergency Repair Plans (1988) 
 Permanent Tie Repair Plans (1990) 
 Deck Replacement Plans (1998) 
 Bearing Replacement Plans (2001) 
 Load Ratings Analysis (1997 & 2006) 
 Gusset Plate Analysis (2008) 
 Inspection Reports (2 year intervals) 
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7.3.1 Structural Components 
 The TPB arch span can be subdivided into 2 main structural systems, the primary 
(global) system and the secondary systems. The primary structural system includes the 
key members and connections that distribute forces longitudinally to the bearings and 
then into the foundations. The secondary structural system is comprised of all other 
components that either support/brace the primary system or carry loads transversely to 
the primary system. Each system is explained in further detail below. 
7.3.1.1 Primary Structural System 
  The TPB primary structural system includes several chord members. An upper 
and middle chord is present in Figure 7-4, which forms the arch. These members are 
built-up box shapes comprised of riveted steel plates and angles. The upper and middle 
chords are braced with vertical and diagonal members in and out of plane (Figure 7-5). 
All connections are made with riveted gusset plates.  
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Figure 7-4 - Arch Span Half Elevation (West End) (Modjeski et al. 1931) 
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Figure 7-5 - Arch Upper and Middle Chord Framing 
 A lower chord is present at the bottom of the arch (Figure 7-6) and serves as the 
main tension element of the arch. The lower chord is also a built-up box shaped member 
with riveted steel plates and angles. It is connected with the upper and middle chords 
through vertical hangers, which are composed of rolled I-shapes.  
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Figure 7-6 - Arch Span Lower Chord 
 The intended flow of gravity loads applied along the roadway place the vertical 
hangers under tension. These forces are transferred into the upper and middle chords of 
the arch putting them in compression. The spreading of the arch is then resisted by the 
lower chord subjecting it to substantial tension. Figure 7-7 illustrates the general load 
path due to gravity loads. 
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Figure 7-7 - Load Path Due to Gravity Loads 
 The superstructure loads are transferred to the foundations through the bearings. 
As a result bridge bearings are a key component to the performance of the structure. The 
west end of the TPB has the expansion bearings. Originally the expansion bearings were 
a series of steel rocker bearings (Figure 7-8), sometimes referred to as nested rockers. In 
2001 these bearings were replaced with high load disc bearings (Figure 7-9). This is a 
friction based bearing that has a Teflon member attached to the structure that sits on a 
stainless steel surface. Note the bearing is a "guided" expansion bearing that only allows 
translation in the longitudinal direction of the bridge.  
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Figure 7-8 - Original Arch Span Expansion Bearings 
 
Figure 7-9 - Multiple Views of the Arch Span Replacement Bearings 
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 A unique detail is present on the "fixed" end of the arch. The last segment of the 
east end middle chord (L0L1) frames into the piers, however a slotted connection is 
present (Figure 7-10 to Figure 7-12). This connection allows for longitudinal movement, 
but restrains all other translations and rotations. In addition, the last panel of the upper 
and lower chords, at the east end (node U0), frames together with a pin type connection 
which allows for in-plane rotation. These types of details are critical for understanding 
the performance of the structure.  
 
Figure 7-10 - Arch East End Connection Detail (Modjeski et al. 1931) 
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Figure 7-11 - Arch East End Shop Drawing Detail at L0 (Modjeski et al. 1927) 
 
Figure 7-12 - Middle Chord Slotted Connection (East End L0L1 Member) 
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7.3.1.2 Secondary Structural System 
 The TPB secondary structural systems mostly include the floor system, sidewalk, 
and additional bracing. The arch floor system is comprised of a reinforced concrete deck 
supported by rolled steel stringers that rest on built-up floorbeams (Figure 7-13). The 
floorbeams frame into the lower chord and vertical hangers at each end (Figure 7-6). 
Additional diagonal bracing is present between floorbeams.  
 
Figure 7-13 - TPB Arch Span Lower Half Cross-Section (Modjeski et al. 1931) 
 The sidewalk is a concrete slab and is also supported with rolled steel stringers 
that rest on variable depth cantilever members outside the arch hangers (Figure 7-13). 
These cantilever members frame into the vertical hangers at the same panel points as the 
floorbeams (Figure 7-6).  
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7.3.1.3 Geometric 3D Model 
 For visualization purposes a 3D rendered graphical model was created. The model 
was developed using AutoCAD drafting software. Figure 7-14 illustrates the fully 
rendered 3D geometry that included the full cross-sectional details.  
 
Figure 7-14 - 3D Graphical Model 
7.3.2 Risk Assessment 
 A qualitative risk assessment was performed for the TPB arch span as part of the 
case study. A risk assessment is a critical step in the evaluation of an existing structure. 
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The risk assessment dictates the level of analysis appropriate to evaluate the different 
limit states. Therefore, it can help identify which hazards and vulnerabilities are of 
primary importance to the bridge owner. 
 Risk can be defined as the product of the hazard, vulnerability, and exposure 
(Moon et al. 2009). Hazards are the probability of an event occurring and vulnerability is 
defined as the probability of failure (to perform adequately), given that hazard. The 
exposure is the consequences associated with a failure to perform adequately. Identifying 
the actual risk is impossible due to the uncertainty associated with each hazard. 
Therefore, the perceived risk is commonly identified. The agreement between the 
perceived risk and actual risk depends significantly upon the tools used, the insight of the 
user, and transparency of the structure and hazards. The difference between the perceived 
risk and the actual risk is termed the uncertainty premium to indicate the associated cost. 
Therefore, some hazards may have a high perceived risk primarily due to their substantial 
uncertainty. However, when that uncertainty is reduced, the perceived risk reduces along 
with it.  
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Table 7-1 - TPB Qualitative Risk Assessment 
  
 For the purpose of this case study the critical hazards, vulnerabilities, and 
exposure for the TPB arch span were identified (Table 7-1). These items were based on 
the historical review of the structure, speaking with the engineers and maintenance staff 
at the bridge, along with engineering judgment.  
 Each hazard has unique uncertainties associated with the structural demands. For 
example, high winds may be subjected to the bridge at various angles and velocities. 
Vessel collision could occur at different locations, speeds, and by different ship sizes. 
There are several common uncertain parameters for evaluating the capacity of the 
Hazards Vulnerabilities Exposure
Vessel Collision Lack of 
Redundancy
Shutdown / 
Collapse
Overload Lack of 
Redundancy
Shutdown / 
Collapse
High Winds Overstress / 
Excessive Displ.
Shutdown
Earthquake Overstress / 
Excessive Displ.
Shutdown / 
Collapse
Vehicle Impact Overstress Increased Repairs
Serviceability Repeat Loads Fatigue / Fracture Increased Repairs
Geotechnical 
/ Hydraulics
Safety Flowing Water Scour / Pier 
Settlement
Shutdown / 
Collapse
Safety Paint System 
Failure
Corrosion Increased 
Maintenance
Extreme 
Temperature
Cracking / 
Overstress
Increased 
Maintenance
Dynamic Impact Excessive Vibration Shutdown
Limit States
Safety
Structural
Serviceability
Durability / 
Maintenance
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structure with regard to the various demands. The primary uncertain parameters for the 
TPB arch span include: 
 Boundary Conditions 
 Continuity Conditions 
 Substructure Stiffness's 
 Material Properties 
 Mass of the Structure 
 TBSI and TBSHM aim to reduce the uncertainties associated with many of the 
hazards indicted in Table 7-1. The TBSI approach is to perform finite element updating 
for identification of select unknown parameters (several of which are indicated above). 
Through identification of these parameters scenario analysis can be performed to better 
estimate the vulnerabilities and corresponding risk. However, this assessment is only for 
a snapshot in time. The TBSHM utilizes a streamline approach to identify the variation of 
these parameters with time. A reliable and sensitive baseline to identify these deviations 
is required.  
 Note the focus of this research was to develop and evaluate the TBSI and TBSHM 
methods for long-span bridge evaluation. Therefore, individual hazards were not 
investigated as part of this project.  
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Chapter 8: A-Priori Finite Element Model for the Tacony-Palmyra Bridge 
 Construction of the a-priori finite element (FE) model is a crucial step in the St-Id 
process and for the development of a SHM system (Figure 1-4). For temperature-based 
approaches (TBSI and TBSHM) this is no exception. The objective of the model is to 
further understand the structural behavior of the bridge though sensitivity studies and 
scenario analysis. In addition, the development of the controlled experiment is partly 
based on the results from the a-priori FE analysis. Therefore, it is essential to construct a 
model that accurately represents the structure.  
 Prior to this research the TPB arch span was modeled by several engineers at 
Pennoni Associates and then refined by researchers at Drexel University. As a result, this 
model was obtained by the author and reviewed in full detail. Further modifications were 
made to the model as necessary. A complete description of TPB arch span FE model is 
provided below. 
8.1.1 Model Resolution 
The first step in the any FE analysis is selection of the model resolution. An 
element level FE model was selected for the TPB arch span. This was identified from the 
objectives of the study. For the TPB arch span evaluation the desired responses were 
member level actions (axial forces, bending moment, etc.) and global deformations 
(displacements and rotations). Further refinement of the model was not required. Note 
computation time typically prohibits resolution greater than element level for long-span 
bridge analysis. If detailed material level modeling is required, then it is generally done 
though sub-modeling techniques. 
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8.1.2 Geometry 
 The second step in the development of the TPB arch span FE model was the 
creation of a 3D CAD model. The purpose of the CAD model was to obtain an accurate 
representation of the bridge geometry. This CAD model was based on the original 
construction plans and shop drawings.  
 The 3D CAD model is a centerline representation of the bridge. All structural 
steel members were drawn as lines and all deck and sidewalk components were drawn as 
3D faces. The 3D CAD model was later imported into the FE software (Strand7) and 
error screened to ensure proper transfer. Figure 8-1 illustrates the imported geometry in 
Strand7. 
 
Figure 8-1 - Global 3D Centerline Geometry of the TPB Arch Span 
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8.1.3 Elements, Section Properties, Links, and Member Offsets 
 The elements, section properties, links, and member offsets are custom defined 
for each FE model. For the TPB arch span this was no exception. The elements utilized in 
the model were selected to best represent the behavior of the structure. Frame elements 
(Beam2 designation in Strand7) with six degrees of freedom per node were used to model 
the chord members, stringers, floorbeams, bracing members, etc. However, 4 node shell 
elements (Quad4 designation in Strand7) were used to represent the reinforced concrete 
deck slab and sidewalk slab.  
 As mentioned in Section 8.1.1, the global geometry of the structure, imported into 
Strand7, included only the member centerlines. Therefore, cross-sections of each member 
were created in Strand7 according to the dimensions shown in the construction drawings. 
This was an extensive process due to the significant variation of built-up sections 
throughout the arch span. However, after the sections were created the geometric section 
properties were automatically computed. An example of the arch upper chord cross-
section is provided below in Figure 8-2. Note these cross-sections have simplifications 
that include exclusion of the radii at the corners of the rolled shapes. In addition, the 
sections were not adjusted due to the presence of rivets.  
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Figure 8-2 - Upper Chord Cross Section Developed with Strand7 
 At locations where compatibility was to be enforced between specific nodes, link 
elements were defined. Links do not have section or material properties, but exist in a 
variety of forms (rigid, master/slave, pin, etc.) depending on how the user intends to 
relate the displacement / translation of one node to another. For example, rigid link 
elements were used to attach the chord members to bracing elements. Common nodes 
were not used due to large connection eccentricities. Link elements were also used to 
attach the floorbeams to the stringers and deck slab (Figure 8-3). 
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Figure 8-3 - Typical Floor System FE Model Detail 
 Member offsets were another valuable component of the a-priori FE model. The 
upper chord cross sections of the arch span are not symmetric about the horizontal axis. 
Therefore, the centroids are not located at the mid-height of the members. Member 
offsets were needed because Strand7 assigns member cross-sections at the centroid. 
However, the centerline geometry, from the framing plan, locates the members at their 
mid-height. Therefore, offsetting the members removes this eccentricity and places the 
member at its true centriod within the physical structure.  
 Member offsets were also utilized for the floor system roadway and sidewalk 
stringers. The objective was to avoid hundreds of link elements between the stringers and 
Shell Element
(Deck Slab)
Rigid 
Link
Frame Element
(Floorbeam)
Frame Element
(Stringer)
(a)
(b)
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roadway slab. This was achieved by constructing the stringers at the mid-height of the 
slab, sharing common nodes with the shell elements. Then, the stringers were offset to 
their correct location. Figure 8-4 illustrates the final configuration at a typical hanger 
connection.  
 
Figure 8-4 - A-Priori FE Model at the Hanger Connection 
8.1.4 Material Properties 
 Standard material properties were assigned to the structural steel and reinforced 
concrete elements within the a-priori FE model. The assigned properties are show below 
in Table 8-1.  
Lower 
Chord
Hanger
Sidewalk 
Overhang 
Bracket
Floorbeam
Stringer
Deck Slab
Sidewalk 
Slab
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Table 8-1 - A-Priori FE Model Material Properties 
 
 Note later during the model updating process select parameters were optimized to 
achieve a greater degree of accuracy. In addition, the coefficient of thermal expansion 
was experimentally determined using a steel sample from the structure. This is discussed 
further in Section 9.2. 
8.1.5 Boundary and Continuity Conditions 
 Boundary conditions within an FE model dictate how the model is globally 
supported and restrained from movement. The boundary conditions of the TPB arch span 
model consisted of nodal restraints at the ends of the superstructure. In reality the bounds 
of the structure are at the base of the foundations. However, the arch span model does not 
include the piers. This was a simplification to reduce processing time and combine 
uncertainties. Therefore, the stiffness of the FE model boundary conditions smears that of 
the super to substructure connection along with the pier stiffness.  
 The west end boundary conditions were restrained in all degrees of freedom of the 
support nodes, except the longitudinal translation. This was due to the guided expansion 
bearings present at these locations. Figure 8-5 illustrates this location with a sketch from 
Parameter Steel Concrete
Modulus of Elasticity (ksi) 29000 3605
Poisson's Ratio 0.30 0.2
Dencity (pcf) 490 150
Thermal Expansion (/degF) 6.5x10-6 5.5x10-6
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the as-built drawings and a photograph from a field visit. Figure 8-6 shows the boundary 
condition assignment in the a-priori FE model. 
 
Figure 8-5 - West End Boundary Condition (looking upstream) Illustrated by (a) 
As-built Drawing and (b) Photograph 
L0
U0
L1
Expansion 
Bearing
(a) (b)
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Figure 8-6 - West End Boundary Conditions of the A-Priori FE Model 
 The east end boundary nodes were restrained for all degrees of freedom due to the 
rigid connection with the substructure through concrete encasement. This comprised of 
the nodal locations L0 and E as indicated in Figure 8-7. The L0 nodal point was located 
at the centerline interception of members L0L1 and L0U0. The remaining portion of the 
structure vertically below this location, further encased in concrete, was omitted. Figure 
8-8 illustrates the east end continuity conditions of the a-priori FE model. 
Boundary Conditions 
(Fixed Except 
Longitudinal Translation)
L0
L1U0
U0
L0
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Figure 8-7 - East End Boundary and Continuity Conditions Illustrated by an As-
Built Drawing and Photographs 
Middle Chord 
Slotted Connection
Lower Chord
Upper Chord
L0
U0
E
 L1
Pin
U0E 
Member
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Figure 8-8 - West End Boundary and Continuity Conditions of the A-Priori FE 
Model 
 All continuity conditions were modeled as rigid in the a-priori model, except two 
specific cases near the east end of the arch. As discussed earlier in Chapter 7, the last 
segment of the middle chord (L0L1) has a slotted connection (Figure 8-7). This 
connection allows for longitudinal movement, but restrains all other translations and 
rotations. Therefore, a translational end release in the axial direction was applied at these 
locations. In addition, the last segments of the upper and lower chords frame together at 
U0 with a pin type connection (Figure 8-7). As a result, a rotational end release was 
provided to allow for in-plane rotation. Figure 8-8 illustrates the east end continuity 
conditions of the a-priori FE model. 
Boundary Conditions 
(Fixed all 6 DOF)
L0
E
U0
L1
U0
EL0
Rotational Release at 
Pin Connection (typ)
Translational Release at 
Slotted Connection (typ)
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8.1.6 Loading 
 Two types of loading were of importance for this research project. This included 
thermal and dead loads. Thermal loads were applied through nodal temperature inputs. 
For the a-priori FE model a uniform 50○F temperature increase was applied.  
 Temperature forces develop in the structure as a result of the frictional force at the 
bearings (not including the effects of temperature gradients or material differences). A 
uniform temperature increase of the arch results in a restoring frictional force at the 
bearings. This places the lower chord in compression and the upper and middle chords 
are subjected to tension and compression, respectively (Figure 8-9). Of course for a 
uniform temperature decrease the opposite occurs. 
 
Figure 8-9 - Load Distribution Due to a Uniform Temperature Increase 
 Dead load variation was also of interest. The majority of dead load was simply 
applied through the density of the materials. However, older steel structures are 
comprised of built-up members that include considerable mass that does not participate in 
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resisting member-level actions. This includes rivets, lattice work, paint, and other 
attachments. As a result, side calculations were performed for various types of members 
to identify the percentage mass increase. These percentages were assigned to the model 
as member modifiers. In addition, the mass of connections (e.g. gusset plates) were not 
explicitly modeled, and so their mass was added as well. 
 Another form of mass applied to the model was through non-structural distributed 
mass. A latex modified concrete (LMC) overlay was applied to the roadway surface. Due 
to the cold joint between the deck slab, and continual wearing of the overlay, the stiffness 
was not included. The mass was applied to the a-priori model. In addition, outside traffic 
barriers are present along the current structure. Therefore, additional mass was applied to 
the exterior stringers to account for their effect.  
8.1.7 Model Verification 
 After the completion of the TPB arch span a-priori FE model (Figure 8-10) a 
series of checks were performed to ensure common errors were not present within the 
model. Table 8-2 illustrates the general error screening checklist utilized for the TPB 
model. 
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Table 8-2 - A-Priori FE Model Error Screening Checklist 
 
 
Figure 8-10 - Rendered TPB A-priori FE Model (Isometric View) 
8.1.7.1 Static Dead Load Evaluation 
 A linear static analysis was performed for the dead load self weight of the arch. 
The first error-screening item evaluated was symmetry of the reactions about the 
Analysis Load Case Check
Symmetry
Order of Magnitude (stress & displacement)
Reactions
Unintended Discontinuity
Deformed Shape
Order of Magnitude (displacement)
Unintended Discontinuity
Mode Shapes
Order of Magnitude (frequency)
Unintended Discontinuity
Temperature
Static
 - Dynamic
Dead Load
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longitudinal axis of the bridge. The reactions were compared and were within 0.2% of 
each another. This difference was attributed to numerical error and was considered 
adequate. Note the east and west ends of the arch have significantly different boundary 
and continuity conditions therefore symmetry about mid-span of the arch cannot be used 
for error-screening. 
 The second error-screening checks evaluated the order of magnitude of stress and 
displacement response. The primary structural members exhibited peak total fiber 
stresses of 12 ksi. The yield stress of steel used to construct the arch was 37 ksi with an 
allowable design stress from the as-built report of 18 ksi (Modjeski et al. 1931). Due to 
the fact that the arch is a long span bridge with a high dead load to live load ratio, it 
stands to reason the dead load stresses contribute to 2/3 of the allowable.  
 The displacement response from the arch was measured vertically at mid-span. 
The magnitude was roughly 4 in. This quantity could not be verified with any existing 
documentation or simple calculations. However, using engineering judgment this 
quantity was considered reasonable.  
 The dead load reactions were also evaluated to ensure the mass of the structure 
was reasonably accurate. The a-priori vertical reactions were totaled and compared to the 
mass of the structure from the as-built drawings. The discrepancy between the vertical 
reactions and the documented bridge mass were within 5% and therefore considered 
adequate.  
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Figure 8-11 - A-Priori FE Model (a) Undeflected and (b) Deflected Shape due to 
Dead Load Only 
 The final dead load error-screening measure was evaluation of the deflected shape 
for any irregularities or discontinuities. The boundary and continuity conditions were 
observed to ensure the proper movement was being simulated in the model. Figure 8-11 
illustrates the undeflected and deflected shapes of the arch under self weight. All 
discontinuities were rectified. In addition, Strand7 FE software includes a mesh clean 
feature that evaluates the model for duplicate members, duplicate nodes, free nodes, etc. 
This feature was applied to the TPB arch span a-priori model.  
8.1.7.2 Static Temperature Evaluation 
 A linear static analysis was performed for a uniform temperature increase of the 
arch span. The first error-screening item was to evaluate the deflected shape. The 
boundary and continuity conditions were observed to ensure the movement mechanisms 
were modeled as anticipated. Figure 8-12 illustrates the undeflected and deflected shapes 
West End East End
(a)
(b)
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of the arch under the uniform temperature increase. It can be observed that the arch 
expands from the east end as intended from the assigned boundary conditions.  
 
Figure 8-12 - A-Priori FE Model (a) Undeflected and (b) Deflected Shape due to 
Temperature Increase Only 
 The second error-screening check was of the longitudinal displacement of the 
arch. The model results were compared to simple manual calculations using Eq 3-7. The 
discrepancy between the results was roughly 2.6%. The model displacement was slightly 
lower due to the presence of a reinforced concrete deck with a coefficient of thermal 
expansion lower than that of steel. The manual calculation did not take this into account. 
Therefore, the difference was understandable and no cause for concern. 
 The final temperature analysis error-screening measure was the evaluation of any 
irregularities or discontinuities. As mentioned earlier, the Stand7 mesh clean tool was 
East EndWest End
(a)
(b)
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used to resolve most errors. The deflected shape was exaggerated greatly and animated to 
check for any additional issues with the model. 
8.1.7.3 Dynamic Evaluation 
 A natural frequency analysis was also performed on the arch span model. The first 
and second checks were of the mode shapes and frequencies of the structure. Fortunately 
a preliminary vibration study of the TPB arch span was conducted by Dr. Nathan Dubbs 
as a Drexel University student in 2008. The experiment only included 8 accelerometers 
on the upstream side of the arch. The objective was simply to identify frequency order of 
magnitude along with the first few fundamental modes. Dr. Dubbs concluded the first 
mode of the arch was a lateral mode with a frequency of 0.73 Hz. The second mode was a 
vertical mode (S-shaped) with a frequency of 1.27 Hz. 
 
Figure 8-13 - 1st Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
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Figure 8-14 - 2nd Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
 The a-priori FE model produced similar mode shapes to those obtained by Dr. 
Dubbs. The a-priori frequency for the first mode was 0.68 Hz resulting in a 7% 
difference. Figure 8-13 illustrates the first mode shape of the arch (lateral mode). The a-
priori frequency for the second mode was 1.20 Hz with a percent difference of 6%. 
Figure 8-14 shows the second mode shape of the arch (vertical mode). The mode shapes 
and percent differences were considered reasonable for comparison of a preliminary field 
study with an a-priori FE model. 
 Again the model was evaluated for any irregularities or discontinuities. The mode 
shapes were exaggerated and animated to check for any additional issues with the model. 
Local modes were present however this is typical for long-span bridge FE models. For 
select members this was resolved by removing the mass from these members and 
applying it to the end nodes. 
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Chapter 9: Experimental Program for the Tacony-Palmyra Bridge 
 An extensive experimental program was performed on the Tacony-Palmyra 
Bridge (TPB) steel tied-arch span. The primary experiment included a long-term 
instrumentation setup measuring local strains, global displacements, and temperature 
variation (Figure 9-1). A separate experiment was conducted in the laboratory to identify 
the coefficient of thermal expansion for the TPB structural steel. In addition, two side 
experiments were conducted on the arch span. The first experiment investigated the 
effects of differential gage heating. The second evaluated the local temperature gradients 
through thermal imaging. The details for all four experiments are discussed below. 
 
Figure 9-1 - Temperature-Based Controlled Experiment Concept 
9.1 Local Strain and Global Displacement Experiment 
 A long-term experiment was conducted on the TPB arch span focusing on 
measurement of local strains, global displacements, and temperature variation (Figure 
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9-1). For logistical reasons the experiment was split into two different setups, west end 
and east end. Each setup is described separately below. In addition, a discussion on the 
data processing and interpretation of results is provided. 
9.1.1 West End Experiment Setup 
 There were several objectives of the initial experimental setup for the TPB arch 
span case study. First, the experiment aimed to measure both local strain and global 
displacement of the arch. As a result, the west end was selected due to the presence of the 
expansion bearings. The second objective was to instrument a cross-section of the 
primary arch components. This allows for basic equilibrium checks to be later performed. 
In addition, combined local and global effects could be investigated. 
 An instrumentation plan was developed based on the objectives stated above 
(Figure 9-2). Additional strain gages were located at other critical members to further 
understand the arch behavior. Note the instrumentation shown in Figure 9-2 is symmetric, 
provided on both the upstream and downstream sides of the bridge.  
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Figure 9-2 - TPB Arch Span West End Instrumentation Layout 
9.1.1.1 A-Priori Finite Element Analysis 
 The west end instrumentation plan, discussed above, was evaluated prior to 
implementation. This evaluation was performed with the arch span a-priori finite element 
(FE) model. The objective was to first verify sufficient sensitivity of the anticipated 
measurements to specific parameters. In addition, acceptable signal-to-noise ratios at 
each sensor location were to be evaluated. 
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 One of the primary reasons for temperature response, due to uniform temperature 
change, is boundary restraints. Typically, the most uncertain boundary conditions for 
bridges are the expansion bearing stiffness. As stated earlier, a friction based bearing was 
utilized for the TPB arch span. Therefore, the frictional force provided by the bearings 
was included in the a-priori model to evaluate the instrumentation plan. This force was 
estimated through the use of nodal translational springs (Figure 9-3). The sensitivity 
study was conducted by analyzing the model with varying the spring stiffness's from 
which the corresponding member strains were obtained. 
 
Figure 9-3 - Translational Spring Applied at the Expansion Bearing Locations 
 The sensitivity study illustrated significant influence in response for varying 
longitudinal support stiffness. The most sensitive member was the last panel of the 
Translational 
Spring
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middle chord (L0L1). However, the other members showed encouraging results. Figure 
9-4 illustrates the variation of microstrain for the different spring stiffness's, per member. 
Note the primary response in each member, for uniform temperature variation, is axial 
force. Therefore, the preliminary analysis included only axial force effects without 
bending moments. 
 
Figure 9-4 - Longitudinal Expansion Bearing Stiffness versus Strain 
 Figure 9-4 also illustrates the potential signal-to-noise ratios at the different 
sensor locations. The resolution of each VW strain gage is 1 . It is typically desired to 
have a signal-to-noise ratio of at least 20. In this case the ratios were encouraging for all 
locations evaluated. 
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 A maximum number of 32 channels could be used with the data acquisition 
equipment available for the experiment. Therefore, 30 sensors were installed with 2 
channels left vacant for future work. The preliminary analysis, discussed above, helped 
validate the sensor locations and dictate the number of sensors to be placed at each 
location (Figure 9-5).  
 
Figure 9-5 - TPB Arch Span West End Instrumentation Plan with Number of 
Sensors per Location 
 It was desired to obtain axial and bending moment effects at the local level. 
Therefore, most locations included 2 to 4 strain gages to obtain bending in one or two 
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directions, respectively. Figure 9-6, Figure 9-7, and Figure 9-8 illustrate the locations of 
the sensors within each cross-section. 
 
Figure 9-6 - Upper and Middle Chord Cross-Sections with Sensor Locations 
 
Figure 9-7 - End Panel Middle Chord and Diagonal Brace Cross-Sections with 
Sensor Locations 
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Figure 9-8 - Lower Chord Cross-Sections with Sensor Locations 
 The global displacement was also of particular importance for the experiment. 
The sensitivity of the longitudinal bearing displacement was evaluated for varying 
support stiffness's. Figure 9-9 illustrates the sensitivity curve. 
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Figure 9-9 - Longitudinal Bearing Stiffness versus Displacement 
9.1.1.2 Implementation 
 Installation of the TPB arch span west end setup occurred over a period of 5 days 
in December 2010. The workforce included 2 to 4 Drexel University student's onsite each 
day. The primary tasks included: 
1. Mount the vibrating wire (VW) 6 inch strain gages (28). 
2. Mount the VW displacement gages (2). 
3. Run the cables from the VW gages to the data acquisition system (DAQ). 
4. Mount the DAQ to the structure, installing the cellular modem antenna, and attach 
the VW gage cables. 
5. Power the DAQ, verify all sensors are operational, and start recording. 
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 The installation did not disrupt traffic at any point. All work was performed from 
the sidewalk and by climbing the structure with appropriate fall protection gear. No 
special equipment such as a man lift, snooper, scaffolding, etc. was used for the setup.  
VW Strain Gage Installation 
 The first task, described above, is a critical component of the experiment. There 
are two primary methods for mounting VW strain gages. One option is to arc weld the 
sensor mounting blocks to the structure. However, most bridge owners do not allow field 
welding for any application. Therefore, the second option is to attach the sensors with 
epoxy. A few approaches and supplier brands were tested in the laboratory at Drexel 
University. It was decided to use 2 different Loctite products with the following 
procedure for the VW strain gage mounting. 
i. Measure and mark the VW strain gage location.  
ii. Remove all existing paint down to bare metal. 
iii. Apply Loctite Professional Superglue (5 second set time) to the base of the 
mounting blocks and bond to the structure. 
iv. Apply Loctite Instant Epoxy (3200 psi, 5 minute set time) around the edges of the 
mounting blocks (Figure 9-10).  
v. Coat the mounting blocks and bare metal with at least 2 coats of paint (Figure 
9-11).  
vi. Cover gages with PVC channels to reduce effects from solar radiation and to 
provide additional protection. 
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Figure 9-10 - Application of Loctite Epoxy for VW Strain Gage Installation 
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Figure 9-11 - VW Strain Gages Installation inside the Lower Chord at L2L3 (Prior 
to Covering) 
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Figure 9-12 - VW Strain Gages Installation inside the Middle Chord at M2M3 
(Prior to Covering) 
VW Displacement Gage Installation 
 The VW displacement gages were mounted at each of the expansion bearing 
locations (Figure 9-13). At each sensor one end was attached to the structure with a 
bolted bracket and c-clamps. The other end was mounted to the back wall of the pier with 
epoxy anchors.  
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Figure 9-13 - VW Displacement Gage Installed at an Expansion Bearing 
Cable Installation 
 The most labor intensive component of the installation was running cables from 
each gage to the DAQ. Wireless sensor nodes are available, but were not utilized for this 
study. All gages were connected with 2 twisted pair cables that include a drain wire and 
PVC protective jacket. In total, roughly 5,000 feet of cable was used for the west end 
installation. 
Data Acquisition System and Cellular Model Installation 
 The data acquisition system (DAQ) was housed in a weatherproof enclosure. This 
enclosure was then mounted to the inside face of the pier next to the upstream expansion 
bearing (Figure 9-14). The location was selected for two reasons. First, a platform is 
VW Displacement 
Gage
Expansion 
Bearing
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present along the west pier for inspection of the bearings. This allows for easy installation 
and maintenance of the DAQ. Second, the inside face of the pier is guarded from direct 
weather allowing for prolonged life of the equipment. 
 
Figure 9-14 - Data Acquisition System Mounted to the Inside Face of the Pier 
 The DAQ equipment was supplied by Campbell Scientific as described earlier in 
Section 4.2. The only addition was the use of a cellular modem (RAVEN XTG). This 
allows for real-time remote access to the data. Figure 9-15 shows the equipment mounted 
inside the enclosure. 
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Figure 9-15 - Components of the Data Acquisition System 
Verification of the Setup 
 After the DAQ was powered the final step was to verify the system along with all 
the sensors. The first check was to ensure the code was properly uploaded to the 
datalogger. Next the clock was reset to erase any drift. Then, each sensor was checked to 
make sure it was within the acceptable range as per the manufacturers specifications. In 
addition, the temperature readings were checked to make certain they were reading 
reasonable values based on the ambient temperature. After this was complete the system 
was set to record all sensors at 0.00556 Hz (one sample every 3 minutes).  
9.1.2 East End Experimental Setup 
 A second experimental setup was implemented on the east end of the TPB arch 
span. The objective was again to instrument a cross-section of the primary arch 
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components. In addition, the unique slotted connection along the middle chord member 
L0L1 was to be identified. Figure 9-16 illustrates the east end instrumentation plan. Note 
again the instrumentation shown in Figure 9-16 is symmetric, provided on both the 
upstream and downstream sides of the bridge. 
 
Figure 9-16 - TPB Arch Span East End Instrumentation Layout 
155 
 
9.1.2.1 A-Priori Finite Element Analysis 
 The east end instrumentation plan, discussed above, was evaluated prior to 
implementation. Similar to the west end experiment, an evaluation was performed with 
the arch span a-priori finite element (FE) model. Again, the objective was to first verify 
sufficient sensitivity of the anticipated measurements to specific parameters. In addition, 
acceptable signal-to-noise ratios at each sensor location were to be evaluated. 
 Two sensitivity studies were conducted. The first analyzed the FE model with 
varying the spring stiffness's at the expansion bearing locations, similar to Section 
9.1.1.1. The study illustrated significant influence in response at select locations. The 
most sensitive members were the east end bracing member U0E and the lower chord 
member L0L1 (Figure 9-17). The middle chord panel L0L1 showed no response due to 
the axial release present in the model. As discussed earlier, this member includes a slotted 
connection intended to prevent axial force transfer to the substructure. 
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Figure 9-17 - Longitudinal Expansion Bearing Stiffness versus Strain 
 As with bearings, moveable connections can deteriorate over time. Therefore, the 
stiffness of the slotted present at member L0L1 is a parameter with a high degree of 
uncertainty. As a result, the second sensitivity study evaluated the FE model for varying 
axial stiffness of the middle chord member L0L1. Figure 9-18 illustrates the results. As 
expected the response of member L0L1 is significant. Member U0E again shows 
substantial response, but in the opposite sign for this case. The other members exhibit 
moderate effects. 
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Figure 9-18 - L0L1 Axial Stiffness versus Strain 
 Figure 9-17 and Figure 9-18 also illustrate the potential signal-to-noise ratios at 
the different sensor locations. The resolution of each VW strain gage is 1 . It is 
typically desired to have a signal-to-noise ratio of at least 20. In many locations the ratios 
far exceeded what would be needed for proper measurement. However, a few locations 
showed somewhat low response. Due to the high degree of uncertainty present it was still 
decided to instrument all locations. 
 The same data acquisition system was used for the east end instrumentation. 
Therefore, a maximum number of 32 channels were available for the experiment. It was 
decided to install 28 sensors and leave 4 channels vacant for future work. The 
preliminary analysis, discussed above, helped validate the sensor locations and dictate the 
number of sensors to be placed at each location (Figure 9-19).  
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Figure 9-19 - TPB Arch Span East End Instrumentation Plan with Number of 
Sensors per Location 
 It was desired to obtain axial and transverse bending moment effects at the local 
level. Therefore, all locations included 2 strain gages located on the inside and outside 
faces. At all locations the gages were placed at mid-height of the member.  
159 
 
9.1.2.2 Implementation 
 Installation of the TPB arch span east end setup was similar to the west end setup. 
The installation occurred over a period of 4 days in March 2012. The workforce included 
2 to 4 Drexel University student's onsite each day. The primary tasks included: 
1. Mount the vibrating wire (VW) strain gages (28). 
2. Run the cables from the VW gages to the data acquisition system (DAQ). 
3. Mount the DAQ to the structure and attaching the VW gage cables. 
4. Power the DAQ, verify all sensors are operational, and start recording. 
 Similar to the west end setup, the east end installation did not disrupt traffic at any 
point. All work was performed from the sidewalk and by climbing the structure with 
appropriate fall protection gear. No special equipment such as a man lift, snooper, 
scaffolding, etc. was used for the setup.  
VW Strain Gage Installation 
 The first task, described above, is a critical component of the experiment. The 
same process for the west end VW gages was utilized on the east end (Section 9.1.1.2). 
Figure 9-20 shows the installation of the VW gages at M2U1, after being painted. In 
addition, Figure 9-21 illustrates the final VW gage installation at the middle chord 
member M2L1. 
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Figure 9-20 - VW Strain Gages Installation at M2U1 (Prior to Covering) 
 
Figure 9-21 - VW Strain Gages Installed at M2L1 
Cable Installation 
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 The most labor intensive component of the installation was running cables from 
each gage to the DAQ. Figure 9-22 illustrates the cable being installed on the east end of 
the TPB arch span. Similar to the west end, all gages are connected with 2 twisted pair 
cables that include a drain wire and PVC protective jacket. 
 The east end cabling was significantly less than that of the west end. This was due 
to the fact that the gages were installed one panel closer to the support, reducing the 
length from each gage to the DAQ. In addition, the DAQ was split into two boxes to 
further reduce the cable lengths. This is described further in the following section. In total 
roughly 3,000 feet of cable was used for the east end installation (approximately 60% of 
the west end). 
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Figure 9-22 - Installation of the TPB Arch Span Experiment 2 (East End) 
Data Acquisition System 
 The data acquisition system (DAQ) was split and housed in two weatherproof 
enclosures to reduce the cable length. The DAQ components were identical to those used 
for the west end setup. However, one of the multiplexers was placed in a separate 
enclosure and installed on the opposite side of the bridge.  
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 The primary DAQ components were mounted to a vertical member of the bascule 
span rack support, on the upstream side of the bridge (DAQ1). Figure 9-23 shows the 
mounted enclosure. The location was selected for two reasons. First, the location is easily 
accessible. This allows for easy installation and maintenance. Second, the inside face of 
the pier is guarded from direct weather allowing for prolonged life of the equipment. 
 
Figure 9-23 - DAQ1 Mounted on the Upstream Side of the Bridge 
 Similar to the west end setup, the DAQ equipment was supplied by Campbell 
Scientific as described earlier in Section 4.2. However, a cellular model was not used on 
the east end setup. Figure 9-24 shows the equipment mounted inside the DAQ1 
enclosure. 
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Figure 9-24 - Components of DAQ1 
 The secondary DAQ components were mounted to a diagonal member of the 
bascule span rack support, on the downstream side of the bridge (DAQ2). Figure 9-25 
and Figure 9-26 show the mounted enclosure and inside components, respectively. The 
location was again selected for accessibility and protection from the weather.  
Datalogger 
(CR1000)
Spectrum 
Analyzer 
Module 
(AVW200)
Multiplexer 
(AM16/32B )
Power 
Supply
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Figure 9-25 - DAQ2 Mounted on the Downstream Side of the Bridge 
 
Figure 9-26 - Components of DAQ2 
Verification of the Setup 
Multiplexer 
(AM16/32B )
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 After the DAQ was powered the final step was to verify the system along with all 
the sensors. The first check was to ensure the code was properly uploaded to the 
datalogger. Next the clock was reset to erase any drift. Then, each sensor was checked to 
make sure it was within the acceptable range as per the manufacturers specifications. In 
addition, the temperature readings were checked to ensure they were reading reasonable 
values based on the ambient temperature. After this was complete the system was set to 
record all sensors at 0.00556 Hz (one sample every 3 minutes). 
9.1.3 Data Processing and Interpretation 
 Minimal data processing is required for temperature-based data. The only 
required processing is zeroing the strain and displacement data. It is recommended to 
zero all sensors during a near steady-state period, which typically occurs in the late 
evening or early morning. Note VW sensors do not drift, therefore zeroing is only to be 
performed one time. Another processing measure may need to be performed is correcting 
the strain data for any coefficient of thermal expansion difference between the sensor and 
instrumented member. 
 Many different conclusions were drawn directly from the temperature-based data 
recorded on the TPB arch span. First, the magnitude of strain, displacement, and 
temperature responses was identified at the various measurement locations. This included 
typical daily and seasonal effects. Second, local member temperature gradients were 
identified along with global bridge temperature gradients. Third, the longitudinal 
displacement mechanism at the expansion bearings was identified directly from the 
temperature versus displacement relationship. And finally, the relationship between the 
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measured strain, displacement, and temperature variation was identified. These areas are 
discussed in detail below. 
9.1.3.1 Magnitude of Response 
Member Strains and Temperature 
 The magnitudes of the measured temperature-based strains on the TPB arch span 
significantly vary throughout the instrumented members. However, for each member the 
measurements are fairly consistent. Typical axial restrained strain and displacement 
magnitudes, at various locations, are discussed below. Note axial strain is obtained from 
averaging the 2 or 4 gages per cross-section. Some individual gages measured even 
greater response due to local temperature gradients. This topic is discussed in the 
following section.  
 The first middle chord panel at the west end of the arch (L0L1) exhibits 
significant temperature response. Daily measurements can reach up to 200  (5.8 ksi). 
Figure 9-27 illustrates typical L0L1 response for the west end member. The response, 
however, for the L0L1 east end members is significantly different due to the slotted 
connection present (Figure 7-10 and Figure 7-11). These members can only withstand 
approximately 20  (0.6 ksi) before releasing the axial force.  
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Figure 9-27 - Average L0L1 (West End) Upstream Typical Time History Plots 
 The measured response for the lower chord members was fairly consistent across 
the bridge. The daily axial response was in the order of 20-40 (0.6-1.2 ksi). A typical 
time history plot is show below in Figure 9-28. In addition, similar magnitude response 
was exhibited at the west and east end middle chord panels M2M3 and L1M2, 
respectively. Figure 9-29 illustrates typical response along the M2M3 upstream member.  
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Figure 9-28 - Average L2L3 (West End) Upstream Typical Time History Plots 
 
Figure 9-29 - Average M2M3 (West End) Upstream Typical Time History Plots 
170 
 
 The measured response for the upper chord panels U2U3 (west end) and U1U2 
(east end) was also fairly consistent. The daily axial response was in the order of 40-60 
(1.2-1.7 ksi). A typical time history plot is show below in Figure 9-30. In addition, 
similar magnitude response was exhibited at the west and east end diagonal bracing 
members U2M3 and M2U1, respectively. Figure 9-31 illustrates typical response along 
the U2M3 upstream member.  
 
Figure 9-30 - Average U2U3 (West End) Upstream Typical Time History Plots 
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Figure 9-31 - Average U2M3 (West End) Upstream Typical Time History Plots 
 The largest measured axial strain was recorded along the U0E east end members. 
Daily response reached up to 250  (7.3 ksi). This was due to the rigid connections at 
each end. At the east end of the members they were encased in concrete by the pier 
(Figure 9-32). In addition, the west end of the members was rigidly connected to the arch. 
Therefore, expansion or contraction of the U0E members was resisted by the expansion 
or contraction of the arch span causing significant response. It should also be mentioned 
rehabilitation was performed on the U0E member through local stiffening. This was 
implemented with longitudinal stiffeners at select locations along the member. One 
location can be seen in Figure 9-32. 
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Figure 9-32 - U0E Member at Attachment to the Pier 
 
Figure 9-33 - Average U0E (East End) Upstream Typical Time History Plots 
U0E Member
Longitudinal 
Stiffeners
Embedded in 
Concrete
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 It should be noted that seasonal member strain variation is minimal, under normal 
operating conditions, due to the properly functioning expansion bearings. Further 
discussion of the longitudinal bridge displacement is discussed below. In addition, an 
assessment of the bearing performance is presented in Chapter 15.  
Global Displacements and Temperature 
 The daily displacement response shows significant variation. Periodic shifts in the 
displacement occur, which are discussed in detail under Section 9.1.3.3. Therefore, daily 
variations are typically within 0.2-0.4 inches, but can reach 0.8 inches. Figure 9-34 
illustrates typical daily displacement response.  
 
Figure 9-34 - Average Daily Displacement (West End) Typical Time History Plots 
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 Seasonal displacement measurements show less variation and correlate well with 
temperature variation. The maximum longitudinal displacement measured was roughly 
3.0 inches between the winter and summer seasons. Figure 9-35 illustrates the average 
recorded temperature and displacement variation for roughly 20 months.  
 
Figure 9-35 - Average Seasonal Displacement (West End) Typical Time History 
Plots 
9.1.3.2 Temperature Gradients 
 Local and global temperature gradients are imposed on bridges on a daily basis. 
As explained in Section 3.2.2, temperature gradients are produced from variations in 
temperature across a member or structure. The temperature differences produce non-
uniform displacements. This is due to the flexural deformations (i.e. curvature) induced 
by the temperature gradients.  
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 The global orientation of the bridge has a major influence over the level and 
impact of the local and global temperature gradients. The orientation of the TPB arch 
span is essentially northwest to southeast. Therefore, during sunrise and sunset periods, 
transverse temperature gradients can be observed at the local (member) and global 
(structure) levels. Figure 9-36 illustrates the orientation of the TPB arch span and 
indicates the sunrise and sunset solar radiation angles for all of 2011 (NOAA). Figure 
9-37 shows the specific sunrise and sunset solar radiation angles for October 9, 2011, 
which corresponds with several figures below. 
 
Figure 9-36 - TPB Orientation and Sunrise and Sunset Angle Envelopes for 2011 
SunriseSunset
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Figure 9-37 - TPB Orientation and Sunrise and Sunset Angles for October 9, 2011 
 Local temperature gradients are observed with the instrumentation on the TPB 
arch span. The downstream lower chord of the arch experiences pronounced daily 
gradient effects. Figure 9-38 shows a time history plot of the 4 strain gages at the west 
end L2L3 member. Notice the paired response between the sensors. This results from 
out-of-plane bending due to an induced transverse temperature gradient. In addition, the 
global transverse temperature gradient produces an out-of-plane bending that causes an 
axial force in the lower chord (Figure 9-39).  
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Figure 9-38 - West End L2L3 (downstream) Strain Time History and Cross-Section 
Illustrating Temperature Gradient Effects 
 
Figure 9-39 -Lower Chord Panel Free Body Diagram of Temperature Effects 
 The east end upstream upper chord of the TPB arch span also experiences 
pronounced daily temperature gradient effects. Transverse out-of-plane bending is 
exhibited. However, on a daily basis the bending occurs in both directions due to the 
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location of the members and orientation of the sun. Figure 9-40 illustrates a time history 
plot of the 2 strain gages at the east end U1U2 member. Notice the reverse bending that 
in morning and afternoon hours. In addition, the global gradient effects cause an axial 
force in the upper chord. 
 
Figure 9-40 - East End U1U2 (upstream) Strain Time History Illustrating 
Temperature Gradient Effects 
 The global temperature gradients are best observed from a global measurement 
like the expansion bearing movement. Figure 9-41 illustrates the upstream and 
downstream displacement time history plots. Differential displacement can be observed 
from the figure. This displacement is due to out-of-plane deformation of the structure 
from global temperature gradients (Figure 9-42).  
1
Looking 
West
2
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Figure 9-41 - Displacement Time History Plot Illustrating Differential 
Displacements 
 
Figure 9-42 - TPB Arch Span Plan View Graphically Illustrating Differential 
Displacement due to Global Temperature Gradients 
9.1.3.3 Mechanisms 
 Another typical behavior that can be observed directly from the data is the 
nonlinear bearing restraint force. In the short-term (days), the temperature versus 
displacement response can appear to be linear and indicate a high bearing stiffness 
(Figure 9-43a). However, observing the response over a longer period indicates a bi-
Differential 
Displacement
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linear temperature versus displacement behavior (Figure 9-43b). Essentially, the short-
term (stiff and linear) support behavior is occurring when the bearing is restrained by 
static friction and only experiencing movement due to shear deformation of the bearing 
assembly. After sufficient force is generated to overcome the static friction a "slip" 
occurs and the structure is free to expand or contract. The stiffness during the "slip" 
period is that due to dynamic friction. 
 
Figure 9-43 - Temperature versus Displacement Relationship 
 The "stick-slip" longitudinal displacement mechanism is a cyclic behavior. This 
displacement mechanism has been observed throughout the year (Figure 9-43c and 
Figure 9-43d). Identification of this global displacement mechanism is critical for 
understanding and evaluating the performance of the structure.  
(a)
(c)
(b)
(d)
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9.1.3.4 Strain, Displacement, and Temperature Relationship 
 A valuable relationship has been identified between local strains, global 
displacements, and temperature variation. At first glance, it is difficult to observe the 
correlation of strain with the other parameters. Plotting strain versus temperature or strain 
versus displacement produces discouraging results. The nonlinearity of the member strain 
appears haphazard. However, the strain, displacement, and temperature relationship 
yields a near flat surface in 3D space. To illustrate this behavior, a 3D plot was created 
for the west end lower chord data (L2L3). Figure 9-44 shows 20 months of evening only 
data fit to a 3D surface. Multiple views of the same surface are illustrated. A similar plot 
was also created for the west end middle chord member L0L1 (Figure 9-45). 
 
Figure 9-44 - West End Lower Chord (L2L3) 3D Surface Plot of Evening only Data 
(a)
(c)
(b)
(d)
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Figure 9-45 - West End Middle Chord (L0L1) 3D Surface Plot of Evening only Data 
 Note the strain, displacement, and temperature relationship may be valuable as a 
structural health monitoring alert threshold criteria. Chapter 13 discusses this topic in 
further detail.  
9.2 Coefficient of Thermal Expansion Laboratory Experiment 
 A separate laboratory experiment was conducted to obtain the coefficient of 
thermal expansion for the structural steel on the TPB arch span. A sample of the steel was 
obtained from the Burlington County Bridge Commission and brought to the laboratory 
at Drexel University. The sample was a rolled angle removed during a previous 
rehabilitation project.  
(a)
(c)
(b)
(d)
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 The experiment was conducted with the same setup as the steel frame experiment 
(Section 6.1.3.1). Two vibrating wire strain gages (Geokon Model 4150) were attached to 
the TPB steel sample (Figure 9-46). Then, the sample was uniformly heated in an 
unrestrained position to a near steady-state temperature. The strain and temperature was 
recorded throughout the experiment. The near steady-state strain and temperature 
measurements were used with Eq. 5-2 to obtain the coefficient of thermal expansion of 
the specimen, which was computed as 6.4 x 10-6 /○F. Note the typical coefficient of 
thermal expansion for structural steel is as 6.5 x 10-6 /○F ± 10%. Therefore, the laboratory 
result was considered reasonable. 
 
Figure 9-46 - TPB Arch Span Structural Steel Sample 
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9.3 Investigation into Differential Gage Heating 
 The objective of the study was to evaluate the effects of solar radiation of VW 
strain gages. To avoid rapid changes in temperature (from direct solar radiation) that may 
affect the VW strain gage results, it is typically recommended to cover the gages with an 
insulating material (Geokon 2012). The reason the gages can be affected is due to the 
gage wire heating (or in some cases cooling) faster than the instrumented member. If this 
occurs, then measurement errors are introduced as temperature strain inherent in the gage 
is associated with the gage temperature and not the member temperature. For example, if 
the gage is rapidly heated (faster than the member) the wire strain is greater than the 
member causing additional restraint of the gage. This adds erroneous compression strain 
to the gage measurements. The reverse is true for rapidly cooling the sensors. To 
investigate this potential source of error, an experiment was conducted on the TPB arch 
span where different VW strain gages and cover methods were evaluated.  
9.3.1 Experiment Setup 
 The experiment included installation of six VW strain gages. The gages were 
located at the west end of the arch along the upper chord U0U1 downstream member on 
the sidewalk (SW) side. This was in addition to the VW gage already installed at this 
location on the roadway (RD) side of the member. Figure 9-47 illustrates the radiation 
study location and sensor layout. 
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Figure 9-47 - Experiment Setup Location and Sensor Layout 
 To compare the effectiveness of different VW gages, two different types were 
utilized. The first was a Geokon 6 inch VW gages (Model 4000) (Figure 4-1). This was 
the same as those used in the earlier TPB instrumentation discussed in Section 9.1. The 
second type was a Geokon 2 inch VW gage (Model 4150). Figure 9-48 illustrates the 
primary components of the sensor. One of the primary differences of the 2 inch VW gage 
other than the gage length is the mounting method. Mounting tabs are included at the 
ends of the 2 inch VW gage for spot weld attachment. Another difference is that the 
thermistor is not located directly at the sensor as shown in Figure 9-48. In addition, the 2 
inch VW gages are much less rugged compared to the 6 inch VW gages. Therefore, an 
additional metal cover is typically applied over the 2 gages to avoid mechanical damage. 
East End Elevation
(Downstream Side)
6” Uncovered
6” Covered 
with PVC
6” Covered with 
PVC & Spray 
Insulation
2” Covered with 
PVC and Spray 
Insulation
2” Covered
& 2” Covered on 
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186 
 
 
Figure 9-48 - Geokon 2 inch VW Strain Gage (Model 4150) (Geokon 2012) 
 The primary concern for solar radiation affecting the VW strain gage 
measurements are from the sensors mounted on the outside surfaces. These gages are 
exposed to direct solar radiation. VW strain gages installed along the inside member 
surfaces are typically of little concern and therefore the preferred installation location. 
However, due to access constraints or the presence of closed shaped members, many 
strain gages are installed on outside surfaces. As a result, five of the six newly installed 
strain gages for the experiment were mounted on the outside surface (SW side) of the 
upper chord. 
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Figure 9-49 - VW Strain Gages Mounted on the Outside Surface (SW side) of the 
Upper Chord 
 Three 6 inch VW strain gages were installed in-line on the outside surface (SW 
side) of the upper chord member. Two 2 inch VW strain gages were installed in-line just 
below the 6 inch gages (Figure 9-49). The third 2 inch gage was installed along the inside 
surface (SW side). In addition, a 6 inch VW gage was previously installed along the 
inside surface of the RW side of the member. Figure 9-50 illustrates the strain gage 
locations within the cross-section of the upper chord. 
6” VW Gage
2” VW Gage
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Figure 9-50 - Upper Chord Cross-Section (Downstream Side) with Strain Gage 
Locations 
 Several cover methods were evaluated as part of the experiment. The three 6 inch 
VW gages were installed as uncovered, covered with PVC channel, and covered with 
PVC channel that included spray insulation (Figure 9-51). Two 2 inch VW gages were 
installed with only the metal cover. This included one gage on the inside and one gage on 
the outside surfaces. The other 2 inch VW gage was covered with the metal sleeve along 
with PVC channel and spray insulation (Figure 9-51). Note the additional, 6 inch VW 
gage on the inside surface of the RW side was uncovered.  
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Figure 9-51 - Experiment Installation with Covers 
 A summary of all gage types and cover methods for the differential gage heating 
experiment is provided in Table 9-1. 
Table 9-1 - Gage Location and Cover Method Summary 
 
6” Uncovered
6” Covered 
with PVC
6” Covered with 
PVC & Spray 
Insulation
2” Covered with 
Metal, PVC and 
Spray Insulation
2” Covered with 
Metal & 2” 
Covered with 
Metal on inside 
surface
Gage Side Surface Cover Method
Uncovered
PVC
PVC with Insulation
RD Inside Uncovered
Metal
Metal with Insulation
Inside Metal
Outside
6 inch
Outside
2 inch SW
SW
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 All of the newly installed VW strain gages were cable connected to the data 
acquisition system already installed along the west end of the arch span. Section 9.1.1.2 
discusses the data acquisition system in detail. Note the sampling rate was kept at 
0.00556 Hz (one sample every 3 minutes). 
9.3.2 Experiment Results 
 As discussed in Section 9.1.3.2, one of the primary factors of temperature 
response is the orientation of the bridge and the corresponding sunrise and sunset angles. 
This is reiterated prior to presenting the results because it is essential for interpreting the 
response. Figure 9-52 illustrates the sunrise and sunset angles for March 23, 2012 
(NOAA) along with the experiment location. 
 
Figure 9-52 - TPB Orientation and Sunrise and Sunset Angles for March 23, 2012 
Experiment #1 
Location
191 
 
9.3.2.1 Strain 
 The 6 inch VW strain gage measurements indicated regular daily behavior. Figure 
9-53 illustrates typical measured daily response from the 6 inch gages. The morning 
measurements showed a small out-of-plane bending moment due to a local temperature 
gradient from the sun heating the RW side of the member. Then, the afternoon produced 
a much larger bending moment in the opposite direction. This was due to unimpeded 
solar radiation on the SW side of the member. In addition to the local gradient, a net 
tensile component was present due to global temperature effects. 
 
Figure 9-53 - 6 inch VW Strain Gage Measurements (March 23, 2012) 
 Several key findings were obtained from the 6 inch VW strain gage 
measurements. First, there was a clear paired response from the covered and covered plus 
insulated gages (Figure 9-53). It appeared the spray insulation was not needed, but did 
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not negatively affect the results. However, the uncovered gage produced poor quality 
measurements. Not only was the wire heating too rapidly, but cooling too rapidly as well. 
The rapid cooling was partly due to convective heat transfer from the high winds 
commonly present along the arch span. This can be observed from the 6 inch VW 
temperature measurements shown below in Figure 9-56.  
 The 2 inch VW strain gage measurements also indicated regular daily behavior. 
Figure 9-54 illustrates typical measured daily response from the 2 inch gages. The 
morning measurements again showed positive strain due to out-of-plane bending moment 
from local temperature gradients. The afternoon produced a bending moment in the 
opposite direction due to a reverse in the temperature gradient. 
 
Figure 9-54 - 2 inch VW Strain Gage Measurements (March 23, 2012) 
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 Several findings were obtained from the 2 inch VW strain gage measurements. 
First, there were similar results in the morning due to the fact that the instrumented side 
of the member was shaded. However, in the afternoon there was a noticeable difference 
in the measurements. Initially a constant strain and temperature was assumed through the 
thickness of the web despite direct solar radiation. It was observed from the thermistor 
measurements (Figure 9-56) that the temperatures on the inside and outside faces were 
noticeably different. The strain measurements, illustrated in Figure 9-54, also exhibit this 
behavior. This was attributed to the thermal mass and discontinuity of the upper chord 
built-up web. The web is comprised of 4 separate plates totaling nearly 3 in thick.  
 The two covered gages on the outside surface should have measured similar 
quantities. Comparing the 6 inch and 2 inch VW strain gage measurements, it appeared 
the 2 inch metal covered gage heated too rapidly in the afternoon from direct solar 
radiation, which caused exaggerated negative strain (Figure 9-55). The opposite could be 
said for the metal covered and insulated 2 inch VW gage. The combination of a metal 
cover and PVC channel with spray insulation appeared to have restricted the rate of 
temperature change of the gage when comparing the results to those of the 6 inch VW 
gages. 
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Figure 9-55 - Combined 6 inch and 2 inch VW Strain Gage Measurements (March 
23, 2012) 
9.3.2.2 Temperature 
 An evaluation of the VW temperature measurements was conducted. The 
objective was to investigate the accuracy of the measured response compared to the 
member surface temperature. The location of the VW thermistor is at or near the sensor; 
therefore it is offset from the member surface. Steel has a high rate of thermal 
conductivity, so the typical assumption is that the temperature difference is small. This 
assumption was evaluated with the use of a handheld infrared temperature gun.  
 On March 23, 2012 at 4:30PM several temperature measurements were made with 
an infrared temperature gun at the same location as the VW gages. Figure 9-56 illustrates 
the VW temperature measurements for the day along with the average infrared surface 
temperatures on each surface. A comparison was also documented in Table 9-2 below. 
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Figure 9-56 - Combined 6 inch and 2 inch VW Temperature Measurements along 
with Manual Infrared Temperature Measurements (March 23, 2012) 
 The percent differences indicate good correlation for the majority of the sensor 
covering methods (Table 9-2). The largest discrepancy occurred at the 2 inch uncovered 
gage on the inside surface. This was attributed to the fact that the 2 inch VW gage 
thermistor is not attached directly to the sensor and therefore even further from the 
member surface. In addition, as mentioned earlier, 4 vertical plates make up the thickness 
of the upper chord webs totaling nearly 3 inches (Figure 9-50). This discontinuity and 
thickness reduced the rate of conductive heat transfer from the outside to the inside of the 
member. Note however, the 6 inch VW inside uncovered gage correlated nicely with the 
surface temperature measurement. 
Sidewalk Outside 
Face (90 degF)
Sidewalk Inside 
Face (86 degF)
Roadway Inside 
Face (76 degF)
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Table 9-2 - Comparison of Temperature Measurements 
 
9.3.3 Experiment Findings 
 The primary finding was that the 6 inch VW strain gages with PVC cover 
(without spray insulation) is the preferred method for temperature-based measurements. 
The results from the 6 inch VW gages covered with PVC illustrate accurate and 
repeatable strain and temperature measurements. The insulation had a minor impact on 
the results while adding additional time and effort to the installation. In addition, future 
inspection and maintenance of the gage are much more difficult with the insulation. It is 
still recommended to place all gages on the inside of members whenever possible. 
However, when circumstances dictate VW strain gage must be place on an outside 
surface a 6 inch gage with PVC cover is recommended. 
9.4 Thermal Imaging to Quantify Temperature Gradients 
 The second experiment evaluated the heat transfer effects on the TPB arch span 
through thermal imaging. Thermal image cameras detect radiation in the infrared range of 
the electromagnetic spectrum and produce images of that radiation, called thermograms. 
Surface Strain Gage Thermistor 
Reading (degF)
Laser Reading 
(degF)
% Error
6" Uncovered 88 2%
6" Covered 92 2%
6" Covered w/ Insulation 94 4%
2" Covered 92 2%
2" Covered w/ Insulation 92 2%
Inside
(Sidewalk Side)
2" Covered 80 86 7%
Inside
(Roadway Side)
6" Uncovered 76 76 0%
Outside
(Sidewalk Side)
90
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The amount of radiation emitted by an object increases with temperature; therefore, 
thermography allows the variations in temperature to be observed. When viewed through 
a thermal imaging camera, warm objects stand out against cooler backgrounds. 
 Local and global temperature gradients were measured along the TPB arch span 
with the VW strain and displacement gages (Section 9.1.3.2). However, further validation 
of the results was desired. To accomplish this, thermal imaging was employed in an 
attempt to quantify, and validate, the thermal gradients.  
9.4.1 Experiment Setup 
 The experiment was conducted on May 29, 2012 with the use of a Fluke Infrared 
Camera (Model Ti55) (Figure 9-57). The approach was to capture thermal images at 
select locations along the TPB arch span. Then, the results were compared to those 
measured from the VW thermistors and NOAA (National Oceanic Atmospheric 
Administration) weather station (located at the west arch pier).  
 
Figure 9-57 - Fluke Infrared Camera (Model Ti55) 
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 Four locations along the TPB arch span were evaluated as part of the study. Each 
location was photographed in the morning between 9:45AM and 10:45AM as well as in 
the afternoon between 4:15PM and 5:00PM. The specific locations along the arch are 
shown in Figure 9-58 and listed below. 
1. West End Lower Chord (L2L3) Upstream Side 
2. West End Lower Chord (L2L3) Downstream Side 
3. East End Middle Chord (L1M2) Upstream Side 
4. West End Upper Chord (U0U1) Downstream Side 
 
Figure 9-58 - Thermal Image Locations 
 There are a few limitations to infrared images that should be discussed. First, the 
accuracy is limited. The Fluke camera used has an accuracy of ±2○C (±3.6○F). However, 
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the relative temperature variation is much more accurate. Therefore, relative temperature 
variations (gradients), as opposed to absolute temperature, will be compared between the 
thermal images and the TPB instrumentation. Another issue with infrared cameras is 
reflection. Low emissivity elements (highly reflective) can produce erroneous results as 
they reflect the infrared data from another location. 
9.4.2 Experiment Results 
 As discussed earlier, one of the primary factors of temperature response is the 
orientation of the bridge and the corresponding sunrise and sunset angles. This is 
reiterated prior to presenting the results because it is essential for interpreting the 
response. Figure 9-59 illustrates the sunrise and sunset angles for May 29, 2012 (NOAA). 
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Figure 9-59 - TPB Orientation and Sunrise and Sunset Angles for May 29, 2012 
9.4.2.1 West End Lower Chord (L2L3) Upstream Side 
 The first location evaluated the west end lower chord on the upstream side of the 
TPB arch span. Several photographs were taken with the infrared camera at different 
viewing angles. Figure 9-60 illustrates an image taken from the outside of the lower 
chord at 10:12AM. The left image shows the lower chord with 100% visible light and the 
right image with 100% infrared light. The infrared image clearly shows the local 
transverse temperature gradient. This was due to the fact that the outside surface of the 
upstream lower chord (sidewalk (SW) side) was subjected to direct solar radiation in the 
morning hours. Even with the high thermal conductivity of steel the inside surface 
(roadway (RD) side) is slow to heat. The reason this is the case has to do with the limited 
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connectivity between each side of the lower chord. The only connection is through upper 
and lower connection plates that are spaced several feet apart.  
 
Figure 9-60 - Thermal Image outside L2L3 (upstream) at 10:12AM (looking east) 
 A near linear transverse temperature gradient was measured with the infrared 
camera despite the limited connectivity between each side of the arch. Fluke's SmartView 
software was used to pull discrete temperature values from the top surface of the infrared 
image shown in Figure 9-60. These measurements were plotted versus the width of the 
lower chord and are illustrated in Figure 9-61. Note the temperatures were normalized 
based on the center measurement due to the fact that infrared image measurements are 
primarily valid for relative temperature variation and not absolute. 
SW Side RD Side
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Figure 9-61 - Transverse Gradient Plot (L2L3 Upstream) at 10:12 AM  
 Figure 9-62 also illustrates the transverse temperature gradient of the west end 
upstream lower chord. This image was taken from inside the member at the same time of 
day as Figure 9-60. Another important observation from Figure 9-62 is the similar 
temperatures between the VW gages and the member surfaces. This is critical for 
obtaining accurate temperature-based response.  
 It should also be mentioned that the Fluke Ti55 camera captures visible light and 
infrared light with each photograph. As a result the side-by-side images presented were 
obtained with one photograph and created separately using Fluke SmartView software.  
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Figure 9-62 - Thermal Image inside L2L3 (upstream) at 10:12AM (looking toward 
NJ) 
 Images were also obtained in the afternoon around 4:15PM. At this time the 
upstream lower chord was not subjected to direct solar radiation. As a result, Figure 9-63 
clearly shows relatively no temperature gradient effects.  
 
Figure 9-63 - Thermal Image outside L2L3 (upstream) at 4:15PM (looking east) 
VW Strain 
Gage (typ)
SW Side RD Side
SW Side RD Side
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 The VW thermistor temperature measurements were plotted for the lower chord 
gages at the same location as the infrared images above. In addition, the ambient 
temperature from the NOAA weather station was included. Figure 9-64 illustrates the 
temperature time history plot for the entire day. The dashed lines approximate the points 
in time of the morning and afternoon infrared images. Overall, it was seen that the 
temperatures were lower for the VW gages and NOAA weather station. However, the 
relative difference was comparable. In reality the relative difference is of primary 
importance for temperature-based analysis.   
 
Figure 9-64 - Upstream Lower Chord (L2L3) Temperature Time History Plot 
 Figure 9-65 illustrates the strain time history plot for the lower chord. These 
results cannot be directly compared to the infrared images. However, it further illustrated 
the transverse bending effects as a result of the local temperature gradients. The high 
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temperatures along the outside surface curved the member away from the bridge. As a 
result, the restoring bending moment subjected the outside face (SW side) to compression 
and the inside face (RD side) to tension.  
 
Figure 9-65 - Upstream Lower Chord (L2L3) Strain Time History Plot 
9.4.2.2 West End Lower Chord (L2L3) Downstream Side 
 The second location evaluated was also the west end lower chord of the TPB arch 
span, but along the downstream side. Again, several photographs were taken with the 
infrared camera at different viewing angles. Figure 9-66 illustrates an image taken from 
the outside of the lower chord at 10:36AM. The infrared image clearly shows the near 
uniform temperature distribution throughout the member. This was due to the fact that the 
downstream lower chord was not subjected to direct solar radiation in the morning hours, 
similar to the upstream lower chord in the afternoon hours. 
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Figure 9-66 - Thermal Image outside L2L3 (downstream) at 10:36AM (looking east) 
 Images were also obtained in the afternoon around 4:25PM. Figure 9-67 and 
Figure 9-68 illustrate images taken from the outside and inside of the lower chord, 
respectively. The infrared images show the local transverse temperature gradient. This 
was due to the fact that the outside surface of the upstream lower chord (SW side) was 
subjected to solar radiation in the afternoon hours. Again, the limited connectivity of the 
SW and RD sides of the lower chord contributed to the slow rate of heat transfer in the 
transverse direction.  
SW SideRD Side
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Figure 9-67 - Thermal Image outside L2L3 (downstream) at 4:25AM (looking east) 
 Figure 9-68 again illustrates the negligible temperature differential between the 
VW gages and the member surfaces. Figure 9-68 also shows the vertical temperature 
gradient that was present along the SW side of the member. At the time the photograph 
was taken only the bottom half of the SW outside surface was subjected to direct solar 
radiation. However, as the sun lowered in the sky, the percentage of direct solar radiation 
increased on the lower chord. Note this can be observed from the temperature time 
history plot shown below in Figure 9-69. 
SW SideRD Side
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Figure 9-68 - Thermal Image inside L2L3 (downstream) at 4:25AM (looking east) 
 The VW thermistor temperature measurements were plotted for the lower chord 
gages at the same location as the infrared images above. In addition, the ambient 
temperature from the NOAA weather station was included. Figure 9-69 illustrates the 
temperature time history plot for the entire day. The dashed lines approximate the points 
in time of the morning and afternoon infrared images. Again, it was seen that the 
temperatures were lower for the VW gages and NOAA weather station, but the relative 
difference was consistent.  
SW SideRD Side
VW Strain 
Gage (typ)
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Figure 9-69 - Downstream Lower Chord (L2L3) Temperature Time History Plot 
 Figure 9-70 illustrates the strain time history plot for the lower chord. These 
results cannot be directly compared to the infrared images. However, it further illustrated 
the transverse and vertical bending effects as a result of the local temperature gradients. 
The high afternoon temperatures along the lower outside surface curved the member 
away and down from the bridge. As a result, the restoring transverse bending moment 
subjected the outside face (SW side) to compression and the inside face (RD side) to 
tension. In addition, the restoring vertical bending moment subjected the bottom to 
further compression and the top to tension (primarily to the SW side of the member). 
However, the net compression is as a result of axial force from the global temperature 
gradient.  
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Figure 9-70 - Downstream Lower Chord (L2L3) Strain Time History Plot 
9.4.2.3 East End Middle Chord (L1M2) Upstream Side 
 The third location evaluated the east end middle chord on the upstream side of the 
TPB arch span. Several photographs were taken with the infrared camera. Figure 9-71 
illustrates a photograph taken from the inside of the middle chord at 9:49AM. The images 
illustrate the temperature distribution as a result of direct solar radiation on the outside of 
the SW side and inside of the RD side of the member. It can be seen from Figure 9-71 
that the VW gages are roughly the same temperature as the member surfaces. The PVC 
covers for the strain gages exhibit increased or decreased temperatures, which is of little 
concern.  
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Figure 9-71 - Thermal Image inside L1M2 (upstream) at 9:49AM (looking east and 
down the member) 
 Images were also obtained in the afternoon around 4:03PM. At this time nearly 
the opposite distribution of direct solar radiation was present (outside face of the RD side 
and inside face of the SW side). Figure 9-72 illustrates the complex temperature 
distribution. Again the VW gages show consistent temperatures with their attached 
surfaces.  
SW Side RD Side
VW Strain Gage and 
PVC Cover (typ)
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Figure 9-72 - Thermal Image inside L1M2 (upstream) at 4:03AM (looking east and 
down the member) 
 The VW thermistor temperature measurements were plotted for the middle chord 
gages at the same location as the infrared images above. In addition, the ambient 
temperature from the NOAA weather station was included. Figure 9-73 illustrates the 
temperature time history plot for the entire day. The dashed lines approximate the points 
in time of the morning and afternoon infrared images. At this location relatively small 
local temperature gradients were present. Again, it was seen that the temperatures were 
lower for the VW gages and NOAA weather station. It can also be observed that the VW 
gage temperatures were greater than the ambient temperature. This was attributed to the 
fact that, unlike the lower chord, the middle chord was subjected to direct solar radiation 
for nearly the entire day.  
SW Side RD Side
VW Strain Gage and 
PVC Cover (typ)
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Figure 9-73 - Upstream Middle Chord (L1M2) Temperature Time History Plot 
9.4.2.4 West End Upper Chord (U0U1) Downstream Side 
 The last location evaluated the west end upper chord on the downstream side of 
the TPB arch span. This was the same location as the differential gage heating 
investigation, described earlier in Section 9.3. Several photographs were taken with the 
infrared camera. Figure 9-74 illustrates a photograph taken from the outside of the upper 
chord at 10:45AM. The images illustrate the near uniform temperature distribution along 
the SW face of the member. The primary temperature variation at this location is as a 
result of the strain gage covers. The PVC covers for the strain gages displayed increased 
temperatures compared to the member surface, similar to middle chord L1M2 location 
(Section 9.4.2.3). However, the metal cover displayed decreased temperatures.  
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Figure 9-74 - Thermal Image outside U0U1 (downstream) at 10:45AM (looking 
north) 
 Figure 9-75 illustrates the transverse temperature gradient of the west end 
upstream lower chord. This image was taken from outside the member at the same time 
of day as Figure 9-74, but looking east toward New Jersey. The RD side of the member 
was subjected to direct solar radiation at the time of the photograph. The local gradient 
reached a maximum of 10○F.  
SW Side
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Figure 9-75 - Thermal Image outside U0U1 (downstream) at 10:45AM (looking east) 
 It should be pointed out that the transverse temperature gradient measured on the 
upper chord was nonlinear. Fluke's SmartView software was used to pull discrete 
temperature values from the top surface of the infrared image shown in Figure 9-75. 
These measurements were plotted versus the width of the upper chord and are illustrated 
in Figure 9-76. It can be observed that the rate of temperature change gradually increases 
from the sidewalk to roadway side. This illustrates the complexity of temperature 
gradients present along the structure.  
SW SideRD Side
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Figure 9-76 - Transverse Gradient Plot (U0U1 downstream) at 10:45 AM 
 The transverse temperature gradient could also be observed from inside the 
member (Figure 9-77). In addition, a distinct longitudinal temperature variation was 
observed at this location. Figure 9-77 illustrates an abrupt change in temperature along 
the RD side of the member. This was attributed to the shading of the member from the 
reinforced concrete deck. The upper chord passes through the deck at the same location 
as the temperature change.  
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Figure 9-77 - Thermal Image inside U0U1 (downstream) at 10:45AM (looking west 
and down) 
 Similar to the prior locations, images were also obtained in the afternoon (4:40 
PM). At this time of day a significantly different temperature distribution was present. 
The SW side was subjected to direct solar radiation (Figure 9-78). In addition, Figure 
9-79 shows the top surface plate was also subjected to direct solar radiation. The result 
was substantial vertical and transverse temperature gradients. Again, the PVC gage 
covers exhibited increased temperatures, whereas the metal gage cover illustrated 
decreased temperature.  
SW Side RD Side
Upper Chord at 
Deck Level
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Figure 9-78 - Thermal Image outside U0U1 (downstream) at 4:40AM (looking 
north) 
 
Figure 9-79 - Thermal Image outside U0U1 (downstream) at 10:45AM (looking east 
and up) 
 The VW thermistor temperature measurements were plotted for the upper chord 
gages at the same location as the infrared images above. In addition, the ambient 
temperature from the NOAA weather station was included. Figure 9-80 illustrates the 
temperature time history plot for the entire day. The dashed lines approximate the points 
SW Side
SW SideRD Side
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in time of the morning and afternoon infrared images. Overall, it was seen that the 
temperatures were lower for the VW gages and NOAA weather station. However, the 
relative differences were comparable.  
 
Figure 9-80 - Downstream Upper Chord (U0U1) Temperature Time History Plot 
9.4.3 Experiment Findings 
 The infrared images clearly show thermal gradients present along the TPB arch 
span. To assess the measurement of these gradients, with the Fluke infrared camera and 
the VW thermistors, a comparison was performed. Table 9-3 illustrates the temperature 
gradient comparison that includes the percent difference in measurements. These percent 
differences ranged from 17% to 35%.  
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Table 9-3 - Thermal Gradient Comparison 
 
 As a result of the thermal imaging experiment several findings were obtained. 
These findings are summarized below. 
 The thermal images confirmed the significant local temperature gradients present 
along the TPB arch span (10○F variations observed across select members). 
 The gage temperatures were consistent with the member surfaces (less than 0.5○F 
difference). 
 Measurement of local temperature gradient effects is difficult to obtain with a 
high degree of accuracy. Comparison of the infrared camera gradient 
measurements with the thermistors exhibited 17% to 34% differences. Therefore, 
it is recommended to minimize radiation effects when performing detailed TBSI 
and TBSHM. 
  
Member Vertical 
Position
Time of 
Day
Fluke Thermistors % Difference
Top 0.31 0.22 29%
Bottom 0.21 0.14 34%
Top 0.07 0.06 20%
Bottom 0.09 0.10 17%
U0U1-DS Top PM 0.39 0.49 25%
Gradient (degF/in)
L2L3-US
L2L3-DS
AM
PM
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Chapter 10: TBSI Finite Element Model Calibration Study 
 Temperature-based structural identification (TBSI) was developed and researched 
as part of this thesis. TBSI follows the general St-Id framework using temperature-based 
data for finite element (FE) model updating and parameter identification (Figure 10-1). 
The research included a finite element model calibration study performed on the Tacony-
Palmyra Bridge (TPB) arch span. The temperature-based model calibration approach and 
results are presented below. 
 
Figure 10-1 - TBSI Process 
TBSI
(1) Observation & 
Conceptualization
(2) A-Priori 
Modeling
(Temperature 
Analysis)
(3) Experiment
(Measurement of Local, 
Global, and Temperature 
Response)
(4) Processing & 
Interpretation of 
Data
(5) Temperature-
Based Model 
Updating
(6) Utilization of 
Model for 
Simulations
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10.1 Temperature-Based Calibration Approach 
 A unique approach to FE model calibration using temperature-based data was 
developed. The overall objective was to identify key uncertain parameters within the 
model. This was achieved through correlation of the measured temperature input with the 
corresponding measured output, namely strains and displacements. A generalized 
temperature-based FE model updating approach was developed and is presented below. 
1. Perform Sensitivity Studies and Select Parameters  
2. Time Synchronize Experimental Data 
3. Select Time Window 
4. Correct VW Strain Data for CTE Difference 
5. Average VW Strain Gage Measurements and Convert to Axial Force 
6. Compress, Zero, and Normalize the Data 
7. Perform Optimization 
10.2 TPB Arch Span Calibration Details 
 The FE model calibration approach, discussed above, was utilized for the TPB 
arch span case study. Each step of the calibration process is explained in detail below. 
10.2.1 Perform Sensitivity Study and Select Parameters 
 In order to establish the parameters adequate for identification, a single degree of 
freedom (SDOF) sensitivity study was performed. The parameters evaluated were those 
with the greatest degree of uncertainty for the TPB arch span. These parameters were 
divided in three primary categories; boundary conditions, continuity conditions, and 
material properties. The sensitivity study was conducted using linear analysis applying a 
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uniform temperature change of 50○F. Then for each case the selected parameter was 
varied while holding all other parameters constant. Table 10-1 shows all parameters and 
the ranges evaluated. 
Table 10-1 - Sensitivity Study Parameters 
 
 The objective function utilized for the sensitivity study is referred to as the square 
root sum of squares (Eq. 3-3). The method aims to minimize the square root of the 
combined squared residual terms. Two separate types of residual terms were utilized. The 
Parameter Range Evaluated A-Priori Value
West End Long. Stiffness 0 - 3,000 k/in 500 k/in
West End Rot. Stiffness 0 - 100,000,000 k-in/rad Fixed
East End Long. Stiffness 0 - 10,000 k/in 5,000 k/in
L0L1 Axial Stiffness 0% - 100% 0%
U0 Rotational Stiffness 0% - 100% 0%
UC Rotational Stiffness 0% - 100% 100%
MC Rotational Stiffness 0% - 100% 100%
LC Splice Axial Stiffness 0% - 100% 100%
Steel Modulus of Elasticity 75% - 125% 29,000 ksi
Concrete Modulus of Elasticity 75% - 125% 3605 ksi
Coefficient of Thermal Expansion* 75% - 125% 6.4 x 10-6/F
Mass** 75% - 125% 490 pcf (steel)
150 pcf (concrete)
* Only considered for the temperature-based study.
** Only considered for the vibration-based study.
Boundary Conditions
Continuity Conditions
Material Properties
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first was the residual strain term (r) which was defined as the difference between the a-
priori FE model strains (AP) and the strains from the modified FE model (M) (Eq. 10-2). 
These residuals were calculated for i = 1, ..., n, where n is the total number of members 
included in the study (Figure 10-2). The second residual term was due to displacement 
differences (r). This term was defined as the difference between the a-priori FE model 
displacement (AP) and the displacement from the modified FE model (M) (Eq. 10-3). 
Note a scale factor of 100 was applied to account for the relative magnitude difference 
between strain (reported in microstrain) and displacements (reported in inches). This 
approach is approximate, but considered adequate for sensitivity analysis. 
 
ܱܾ݆ ܨܿ݊ ൌ ඩ෍ݎఌሺ݅ሻଶ ൅ ݎఋଶ
௡
௜ୀଵ
 Eq. 10-1 
 
 
ݎఌሺ݅ሻ ൌ ߝ஺௉ െ ߝெሺ݅ሻ Eq. 10-2 
 
 
ݎఋ ൌ 100ሺߜ஺௉ െ ߜெሻ Eq. 10-3 
 
 The objective function was evaluated for each of the varied parameters. Nearly all 
members instrumented were included in the calibration process. A few members were not 
included due to only one strain gage located within the cross-section or due to limited 
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measured response. Figure 10-2 illustrates the locations utilized for the calibration 
process (upstream and downstream sides included).  
 
Figure 10-2 - Measurement Locations Utilized for Temperature-Based Calibration 
Boundary Conditions 
 The boundary condition evaluation started with the sensitivity of the west end 
expansion bearings. As stated earlier, friction based bearings are present at the west end 
of the bridge. Therefore, the sensitivity of the west end longitudinal support stiffness was 
identified and is illustrated in Figure 10-3. Nodal translational springs were used to 
simulate the response (Figure 9-3). The impact of this parameter was significant. As a 
result, the parameter was included in the future calibration process.  
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Figure 10-3 - West End Longitudinal Stiffness 
 The rotational stiffness of the west end bearings was also evaluated. The initial 
bearing configuration allowed for in-plane rotation. However, during the bearing 
replacement in 2001 a rotational restraint was provided to restrict this degree of freedom. 
The stiffness of the restraint was investigated. Nodal rotational springs were used to 
simulate the response. Figure 10-4 illustrates a negligible impact to temperature-based 
response and therefore cannot be identified.  
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Figure 10-4 - West End Rotational Stiffness 
 The last boundary condition evaluated was the additional longitudinal stiffness at 
the east end of the span (Figure 10-5). The east end vertical member is mostly encased in 
concrete. This concrete has partially degraded over the years and the influence of the 
encasement was in question. The vertical member was modeled without concrete 
encasement and nodal springs were varied to evaluate the impact of the additional 
longitudinal restraint. Figure 10-6 illustrates a significant sensitivity of this parameter in 
certain regions, and therefore it was included in the future calibration process.  
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Figure 10-5 - Arch East End Elevation Indicating Uncertain Boundary Condition 
Middle Chord 
Slotted Connection
Lower Chord
Upper Chord
L0
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Figure 10-6 - East End Longitudinal Stiffness 
Continuity Conditions 
 The continuity condition evaluation started with the sensitivity of the east end 
axial and rotational stiffness. As stated earlier, the axial stiffness variation, in member 
L0L1, was due to the slotted connection. The rotational stiffness variation was due to the 
pin connection at node U0. Figure 10-7 illustrates both locations.  
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Figure 10-7 - Arch East End Elevation Indicating Uncertain Continuity Conditions 
 Partial member end releases were utilized in the FE model to evaluate each 
continuity condition. Figure 10-8 illustrates the sensitivity of the axial and rotational 
stiffness's. The impact of the L0L1 axial stiffness was more than double that of the U0 
rotational stiffness. As a result, the L0L1 axial stiffness was included in the future 
calibration process. However, the U0 rotational stiffness was neglected.  
 Note a drawback of a SDOF sensitivity study is that parameter coupling is 
difficult to identify. Coupling of the L0L1 axial stiffness and U0 rotational stiffness is 
more difficult to identify. Multiple degree of freedom sensitivity studies would be 
Middle Chord 
Slotted Connection
Lower Chord
Upper Chord
L0
U0
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required to truly capture the effects. For the TPB arch span study the sensitivity analysis 
was not performed past a SDOF approach. 
 
Figure 10-8 - East End Rotational and Axial Continuity Condition Stiffness 
 Three additional types of continuity conditions were evaluated. This included the 
rotational stiffness of the upper chord (UC) connections. To avoid extensive scenario 
analysis, all connection stiffness's were varied together. Therefore, the connections were 
assigned the same stiffness for each analysis case. Figure 10-9 illustrates the upper chord 
connections included in the study. Note, Figure 10-9, is symmetric and includes the 
upstream and downstream sides of the arch.   
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Figure 10-9 - Upper Chord Connection Locations 
 The same approach was utilized for the rotational stiffness of the middle chord 
(MC) connections and axial stiffness of the lower chord (LC) field splices. Figure 10-10 
and Figure 10-11 illustrate the middle chord and lower chord connections included in the 
study, respectively. Again, Figure 10-10 and Figure 10-11 are symmetric and include the 
upstream and downstream sides of the arch.   
 
Figure 10-10 - Middle Chord Connection Locations 
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Figure 10-11 - Lower Chord Field Splice Locations 
 The sensitivity of the upper, middle, and lower chord stiffness's were evaluated 
and are shown below in Figure 10-12. The upper and middle chord connection stiffness 
shows little sensitivity and thus cannot be reliably identified uses temperature response 
data. The lower chord axial stiffness does exhibit significant variation. However, this 
variation is only over a very low stiffness (0% to 20%) and the type of connection on the 
arch span (riveted gusset plates) is typically rigid. Therefore, over the expected range 
(70% to 100%) the sensitivity is actually very low. As a result, all three continuity 
conditions were not included in the future calibration process.  
 
Figure 10-12 - Upper, Middle, and Lower Chord Stiffness 
Material Properties 
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 The last sensitivity studies were performed on select material properties. This 
included the modulus of elasticity of the structural steel (Es) and reinforced concrete slab 
(Ec). In addition, the coefficient of thermal expansion (CTE) was evaluated. Figure 10-13 
illustrates the sensitivity of each parameter. 
 The concrete modulus of elasticity had a negligible impact with regard to the 
temperature-based response. This was attributed to the relatively small stiffness 
contribution of the 7.5 inch concrete slab compared to the rest of the structure. As a 
result, the concrete modulus of elasticity was not included in the future calibration 
process. The steel modulus of elasticity appeared to be sensitive to temperature effects; 
however Figure 10-13 can be somewhat misleading. The steel modulus is fairly 
consistent so the feasible range is more appropriately between 95% and 105%. As a 
result, the sensitivity is much less and was not included in the calibration process.  
 
Figure 10-13 - Modulus of Elasticity and Coefficient of Thermal Expansion 
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 The coefficient of thermal expansion is an influential parameter as shown in 
Figure 10-13. However, as discussed in Section 9.2, the coefficient of thermal expansion 
was determined experimentally in the lab at Drexel University. As a result, the 
uncertainty of this parameter was greatly reduced and therefore not included in the 
calibration process.  
Parameter Selection 
 The parameters selected for calibration were those with an objective function 
variation greater than 50, over the feasible range. The resulting six parameters are listed 
below and shown in Figure 10-14.  
1. West End Longitudinal Stiffness (upstream and downstream) 
2. East End Additional Longitudinal Stiffness (upstream and downstream) 
3. L0L1 Axial Stiffness (upstream and downstream) 
 
Figure 10-14 - TBSI Parameters Selected for Calibration 
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 A nonlinear displacement mechanism is present at the arch span west end 
expansion bearings (Figure 9-43). Therefore, to identify the stiffness of these parameters 
linear springs would be insufficient. As a result, the support behavior was treated as a bi-
linear relationship utilizing nonlinear springs. Strand7 allows for the definition of force-
displacement relationships that dictate the behavior of nonlinear springs. This feature was 
utilized for optimization of the west end longitudinal bearing stiffness only. 
 For each expansion bearing the "slip" forces were treated as unknowns (F1 and 
F2). However, the “elastic” displacement required to cause a "slip" was estimated directly 
from the data as 0.2 inches. This approach was taken to reduce the number of unknowns 
and thus reduce processing time. Figure 10-15 illustrates the force-displacement 
relationship utilized for the calibration process.  
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Figure 10-15 - Force versus Displacement Relationship of the Nonlinear Springs 
 Note the displacements (d1 and d2) that correspond with F1 and F2 were simply 
determined from geometry. Eq. 10-4 and Eq. 10-5 show how d1 and d2 were defined for 
the optimization process.  
 
݀ଵ ൌ 0.2ሺܨଵሻܨଵ െ ܨଶ Eq. 10-4 
 
 
݀ଶ ൌ 0.2ሺܨଶሻܨଵ െ ܨଶ Eq. 10-5 
 
238 
 
10.2.2 Time Synchronize Experimental Data 
 The TPB arch span measurements from the data acquisition systems (DAQ's) 
were first combined and matched according to their time records. The TPB experiment 
included two separate setups along the structure (east and west ends). Therefore, two 
isolated DAQ's were used to collect data. For slow sampling measurements, like with 
VW gages, this approach is valid. Note, the clock in each DAQ was periodically 
corrected for drift. 
10.2.3 Select Time Window 
 A one day time window was selected that included minimal temperature 
gradients. The objective was to obtain a period where low levels of solar radiation were 
present. Therefore, local effects due to temperature gradients were significantly reduced 
which provided a near uniform temperature change of the structure. This was identified 
by calculating the standard deviation of all temperature measurements along the structure. 
However, this could also be identified with radiation measurements from a weather 
station. 
 Another aspect of selecting an appropriate time window for the TPB arch span 
was capturing a "slip" of the expansion bearings. As illustrated earlier, a bi-linear 
mechanism is present at the west end of the structure. Therefore, to fully characterize this 
behavior it was desired to obtain a time window that captured this behavior. The 
temperature from all sensors was averaged and plotted against the average displacement 
measurements. Figure 10-16 illustrates the results over the selected time window.  
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Figure 10-16 - Average Temperature versus Average Displacement for Selected 
Time Window 
10.2.4 Correct VW Strain Data for CTE Difference 
 As discussed in Section 9.2, the CTE for the structural steel on the TPB arch span 
was identified through laboratory testing. In addition, the CTE of the steel wire in the 
strain gages was known from manufacturer specifications. Therefore, multiplying this 
difference in CTE with the changes in temperature provided the strain corrections (Eq. 5-
2). These corrections were then applied to the raw data to update for the CTE difference.  
 Note in all cases laboratory testing of a steel sample may not be feasible. 
Therefore, the CTE of the structural steel can be treated as an unknown parameter.  
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10.2.5 Average VW Strain Gage Measurements and Convert to Axial Force 
 The VW strain gage measurements were averaged within each cross-section. The 
objective was to remove any local bending moments and obtain only the axial 
components. As mentioned earlier, the time window for calibration was selected to 
minimize temperature gradients thus reducing local and global bending. However, it is 
infeasible to obtain zero gradients. Therefore, any measured bending effects due to 
uniform temperature change cannot be distinguished from gradient effects. The FE model 
input for calibration was incremental uniform temperature change (no gradient effects). 
The solution was to compare the measured axial force components with the axial force 
responses from the FE model. Note the upstream and downstream displacement 
measurements were not averaged.  
 After the strain measurements were averaged they were converted to axial forces. 
This was performed by multiplying the strains with the modulus of elasticity and the area 
of the given cross-section. The purpose of this conversion was to allow for direction 
comparison with the future FE results.  
10.2.6 Compress, Zero, and Normalize the Data 
 All data was compressed to reduce computation time. For the TPB arch span the 
sampling rate was every 3 minutes. It was selected to condense the data over 15 minute 
windows. Therefore, every 5 samples were averaged, significantly reducing the data sets. 
The resulting temperatures, strains, and displacements were then zeroed.  
 The data was also normalized due to the different measurement units associated 
with strains (reported in microstrain) and displacements (reported in inches). Without 
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normalizing the data the influence of strain response greatly outweighed that due to 
displacement. Normalization was critical for equaling the importance of the different 
measurement types. 
10.2.7 Perform Optimization 
 The FE model optimization was performed with the basic approach as that shown 
in Figure 4-5. Therefore, the optimization code was written in matlab using the Strand7 
API features to allow for direct interaction between the programs. The underlying 
concept was to optimize the FE model to minimize the discrepancy between the strain 
versus displacement responses (i.e. the objective function). This was achieved through 
variation of the selected parameters identified in Section 10.2.1.  
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 A nonlinear static analysis was utilized due to the nonlinear mechanism at the 
west end expansion bearings. Therefore, the entire FE model was assigned a 1○F uniform 
temperature change. Then, the average temperature change every 15 minutes was input as 
the various time step factors for the temperature analysis. As a result, direct comparisons 
could be made between the FE model and measured response at each time step.  
 The objective function (Eq. 10-6) was written to minimize the error terms (R) at 
each time step (i) for each member (j), where n is the total number of time steps and m is 
the total number of members evaluated. Figure 10-17 graphically illustrates the objective 
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function for one member. Note the data compression of 15 minutes (Section 10.2.6) was 
selected to fully capture the corners of the stick versus slip behavior. 
  
Figure 10-17 - Graphical Depiction of the Objective Function for One Member 
 The variation in dead load response was not included in the optimization process. 
In reality the measured responses include both the effects from the change in temperature 
and the change in dead load. However, the temperature effects are substantially greater 
for typical behavior. An investigation was performed with FE analysis by assigning a 
time step factor of zero for the first step of the temperature load case. Therefore, the 
initial time step only included the dead load effects. Then the results from the remaining 
steps subtract out the initial step leaving only the temperature effects plus the variation in 
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dead load. The results indicated the dead load variation had a negligible impact on the FE 
results. 
 It should also be noted that a nonlinear time step approach may not be required in 
all cases. If the structural behavior is nearly linear the analysis could be simplified. For a 
linear structure it is recommended to record responses from two near steady state 
conditions of significantly different temperatures (analogous to the earlier lab testing). 
Then perform a linear analysis of the FE model applying the same temperature 
difference. The FE model parameters can be optimized to bring the model in close 
agreement to the measured response.  
10.3 TPB Arch Span Calibration Results 
 The results from the temperature-based FE model calibration are presented below 
in Table 10-2. The table includes the west end longitudinal "slip" force difference (F), 
"slip" displacement difference (d), and the resulting "stick" elastic stiffness (Eq. 10-7). 
Figure 10-18 graphically illustrates the force versus displacement relationship utilized for 
modeling the west end longitudinal bearing behavior. In addition, Table 10-2 presents the 
east end additional longitudinal stiffness and L0L1 axial stiffness at the slotted 
connection.  
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Table 10-2 - Temperature-Based FE Calibration Results 
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Figure 10-18 - Force versus Displacement Relationship of the West End Bearings 
Parameter F d Elastic Stiffness
US 260 kips 0.2 in 1300 k/in
DS 270 kips 0.2 in 1350 k/in
US  -  - 1100 k/in
DS  -  - 1600 k/in
US  -  - 0%
DS  -  - 0%
East End Add'l Long. Stiffness
L0L1 Axial Stiffness
West End Long. Stiffness
F1
F2
d1d2
Force
Displacement
dF
“Stick” Stiffness
“Slip” Stiffness
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 The west end longitudinal bearing results indicate 130 kip and 135 kip is required 
to "slip" the upstream and downstream bearings in either direction, respectively. These 
values are simply half of the "slip" force difference (F). The specific "slip" forces (F1 
and F2) identified from the model calibration are arbitrary because they are a function of 
when the data set is zeroed. The F values are the important findings along with the 
elastic "stick" stiffness. 
 It can be seen that the west end longitudinal stiffness's are relatively similar 
between the upstream and downstream sides of the bridge (4% difference). However, the 
upstream and downstream additional longitudinal stiffness provided at the east end has a 
larger difference. The upstream side is 31% less stiff than the downstream side. It should 
be reiterated that the east end longitudinal stiffness identified is only the additional 
stiffness provided by the concrete encasement of the end vertical members and not the 
overall stiffness of the east end ("fixed" end).  
 Another important finding is the L0L1 axial stiffness. The results indicate the 
slotted connection is fully functioning providing essentially full release of axial force 
along both the upstream and downstream sides of the arch. This seems reasonable due to 
the fact that the L0L1 connections were refurbished in 2001 with the bearing 
replacement.   
 The results from the temperature-based experiment correlated well with the 
calibrated FE model of the TPB arch span, considering the complexity of the structure. 
Calibration of a FE model to match the measured response for a nonlinear structural 
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system, such as the TPB arch span, is difficult. The temperature-based calibration was 
performed through optimization of only six primary parameters (described above). 
Nevertheless, vastly improved matching of the experimental results was achieved through 
comparison of the calibrated FE model results with those from the a-priori model.  
 
Figure 10-19 - Average Temperature versus Average Displacement 
 An overall comparison was performed between the TPB arch span calibration 
results with those from the a-priori FE analysis. This was conducted through comparison 
of the temperate versus displacement relationship along with a residual term comparison. 
Figure 10-19 illustrates the average temperature versus the average displacement 
response for the experiment measurements, calibrated FE model results, and a-priori FE 
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model results. The calibrated FE model clearly provides improved simulation of the 
measured responses. 
 The comparison of residual terms between the calibrated FE model and the a-
priori FE model is provided in Table 10-3. An overall 60% reduction in the calibrated 
model objective function was obtained. This further illustrates the improved correlation 
of the calibrated FE model with the measured responses. 
Table 10-3 - Comparison of Results between the A-Priori and Calibrated FE Results 
 
A-Priori Calibrated % Reduced
US 13.1 4.1 -68%
DS 13.6 3.4 -75%
US 14.3 5.7 -60%
DS 14.1 3.7 -74%
US 16.6 5.2 -69%
DS 18.3 7.0 -62%
US 13.7 3.8 -73%
DS 14.0 3.5 -75%
US 27.5 14.4 -48%
DS 20.4 9.5 -53%
US 20.9 9.8 -53%
DS 21.0 9.9 -53%
US 22.9 12.7 -45%
DS 24.0 12.6 -48%
US 21.0 14.0 -33%
DS 13.8 5.1 -63%
US 22.7 5.9 -74%
DS 24.1 3.4 -86%
335.9 133.8 -60%
W
es
t E
nd
E
as
t E
nd
L1M2
L1L2
U0E
Residual Terms
Member
Totals
L0L1
L2L3
U2U3
M2M3
L0L1
U1U2
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 Excellent correlation was achieved at the west end middle chord members (L0L1 
and M2M3). Figure 10-20 and Figure 10-21 illustrate comparisons of the results at two 
different locations. In addition, the relatively low residual term quantities can be observed 
from Table 10-3 above. The high level of correlation was attributed to the fact that the 
L0L1 members frame directly into the expansion bearings. Therefore, they are less 
influenced by other parameters along the structure.  
 
Figure 10-20 - West L0L1 (Upstream) Strain versus Displacement 
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Figure 10-21 - West M2M3 (Upstream) Strain versus Displacement 
 Good correlation was achieved at the lower and upper chord members. The 
individual residual term quantities can be observed in Table 10-3. A typical plot of the 
lower chord comparison of results is presented below in Figure 10-22. Similarly, Figure 
10-23 illustrates the upper chord comparison of results.  
250 
 
 
Figure 10-22 - West L2L3 (Upstream) Strain versus Displacement 
 
Figure 10-23 - West U2U3 (Upstream) Strain versus Displacement 
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 The correlation at the east end members U0E was also good. Figure 10-24 
illustrates a comparison of the results. 
 
Figure 10-24 - East U0E (Downstream) Strain versus Displacement 
10.4 Post FE Model Calibration Studies 
 A post FE model calibration study was performed for the temperature-based 
method. The purpose was to first provide additional validation of the results through 
verification of deterministic parameters. The second objective was to ensure a global 
minimum was obtained from the optimization process. In addition, it was desired to 
further evaluate the relative sensitivity of the various parameters using the complete set 
of calibrated parameters. A description of the approach and results are provided below.  
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10.4.1 Validation through Deterministic Parameters 
 The first deterministic parameter selected for evaluation of the calibrated FE 
model was the steel modulus of elasticity (Es). The typical modulus of elasticity value for 
structural steel is 29000 ksi ± 5%. Therefore, a sensitivity analysis was performed on the 
calibrated model by varying the steel modulus and identifying the variation in the 
objective function. Figure 10-25 illustrates the results. The minimum objective function 
is roughly located at 95% Es which is within a reasonable range. This indicates the model 
is a slightly stiffer than in reality. However, with only a 5% difference it is recommended 
to utilize this reduced Es value in future simulations and smear this behavior. If the 
modulus was well outside the normal range, then would be recommended to reevaluate 
the FE model for potential modeling inconsistencies. 
 
Figure 10-25 - Objective Function versus Steel Modulus of Elasticity 
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 The second deterministic parameter selected for evaluation of the calibrated FE 
model was the coefficient of thermal expansion (CTE). The typical coefficient of thermal 
expansion for structural steel is 6.5x10-6/○F ± 10%. A laboratory test identified the TPB 
arch span steel to be 6.4x10-6/○F (Section 9.2), therefore this value was used in the FE 
model calibration process. Again a sensitivity study was performed varying the parameter 
and identifying the variation in the objective function. Figure 10-26 illustrates the results. 
The minimum objective function is roughly located at 95% CTE which is within reason. 
This further validates the calibrated FE model adding reliability to the identified 
parameters from the calibration process. 
 
Figure 10-26 - Objective Function versus Coefficient of Thermal Expansion 
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10.4.2 Global Minimum and Sensitivity Study 
 The TBSI calibration method identified three primary parameters appropriate for 
optimizing the FE model (Section 10.2.1). The first parameter was the west end 
longitudinal stiffness of the arch span. As described earlier, the west end boundary 
condition exhibited a "stick-slip" displacement mechanism due to the friction based 
bearings. For the post calibration sensitivity study, analyses were performed using 
approximate "stick" and "slip" west end longitudinal stiffness's with the TPB arch span 
model. Two separate analysis cases were evaluated for both the linear "stick" and "slip" 
conditions. The first case included varying the east end longitudinal stiffness values, 
while the second varied the east end L0L1 axial stiffness's. A third case was added that 
that varied the same parameters while using a nonlinear "stick-slip" definition. Table 10-4 
summarizes the parameter values for each of the cases. Note the upstream and 
downstream calibrated results were averaged for the post calibration studies. 
Table 10-4 - TBSI Post Calibration Study Parameters 
 
 The application of the sensitivity studies was performed using a subset of the 
measured data previously used for the FE model calibration. As a result, the initial 
portion of the measured data was used for the "stick" analysis cases (Case 1a and Case 
"Stick-Slip"
Parameter Case 1a Case 1b Case 2a Case 2b Case 3
West End Long. Stiffness F = 265 kips
East End Add'l Long. Stiffness 0 - 10,000 k/in 1350 k/in 0 - 10,000 k/in 1350 k/in 0 - 5,000 k/in
L0L1 Axial Stiffness 0% 0% - 100% 0% 0% - 100% 0% - 100%
"Slip"
 0 k/in
"Stick"
1325 k/in
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1b). After bifurcation of the temperature versus displacement response, a "slip" subset of 
data was selected for the additional analysis cases (Case 2a and Case 2b). Figure 10-27 
illustrates both subsets of data.  
 The TBSI sensitivity studies were conducted using nonlinear analyses to simulate 
each time step and compare the measured versus simulated response. This approach was 
the same as the FE model calibration (Section 10.2). Note the objective function was also 
the same as that used for the calibration (Eq. 10-6). 
 
Figure 10-27 - "Stick-Slip" TPB Arch Mechanism 
 The results from Case 1a are presented in Figure 10-28. The dashed line 
represents the averaged upstream and downstream results from the calibrated FE mode. It 
can be observed that the calibrated model was able to reasonably identify the minimum 
“Stick”
“Slip”
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value for the east end longitudinal stiffness. The small discrepancy was attributed to the 
discretization of the sensitivity study. 
 
Figure 10-28 - Case 1a: East End Stiffness Sensitivity Plot ("Stick" Case) 
 Figure 10-29 illustrates the results from Case 1b. Again, the dashed line 
represents the averaged upstream and downstream results from the calibrated FE mode. It 
can be observed that the calibrated model was able to reasonably identify the minimum 
value for east end L0L1 axial stiffness. In addition, the sensitivity of the L0L1 axial 
stiffness was greater than that of the additional east end longitudinal stiffness. 
Calibrated FE 
Model Result
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Figure 10-29 - Case 1b: L0L1 Axial Stiffness Sensitivity Plot ("Stick" Case) 
 An additional plot was generated to illustrate the east end longitudinal stiffness 
variation along with the L0L1 axial stiffness variation for the "stick" condition. Figure 
10-30 plots the results in 3D space along with the calibrated result. It can be observed 
that the prior optimization of the FE model identified a reasonable global minimum 
further validating the calibration results. 
Calibrated FE 
Model Result
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Figure 10-30 - "Stick" Case 3D Sensitivity Plot (Combined Cases 1a and 1b) 
 The results from Case 2a and Case 2b are presented in Figure 10-31 and Figure 
10-32, respectively. Again, the dashed line in each plot represents the averaged upstream 
and downstream results from the calibrated FE mode. The "slip" cases clearly show 
relatively no sensitivity to the parameters. This indicated that only the "stick" portion of 
the measured response was influential for identification of the parameters.  
Calibrated 
Result
259 
 
 
Figure 10-31 - Case 2a: East End Stiffness Sensitivity Plot ("Slip" Case) 
Calibrated FE 
Model Result
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Figure 10-32 - Case 2b: L0L1 Axial Stiffness Sensitivity Plot ("Slip" Case) 
 The results from Case 3 are presented below in Figure 10-33. Figure 10-33 plots 
the results in 3D space along with the calibrated result. Due to the large variation in 
objective function the color variation can be hard to differentiate the true minimum 
region of the space. Figure 10-34 illustrates the same 3D plot as shown in Figure 10-33 
viewed from above. The calibrated objective function was identified as 133.8 (Table 
10-3). Therefore, the region of the plot with objective function values less than 180 were 
identified. It can be observed that the prior optimization of the FE model identified a 
reasonable global minimum further validating the calibration results. 
Calibrated FE 
Model Result
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Figure 10-33 - Case 3: 3D Sensitivity Plot 
 
Figure 10-34 - Case 3: 3D Plot shown from Above with Color Scale 
Calibrated 
Result
Objective 
Function 
Below 180
Calibrated 
Result
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10.5 "Stick-Slip" Examination 
 The "stick-slip" mechanism results, from the TBSI FE model calibration, were 
further evaluated to ensure they were within reasonable bounds. The approach for 
validating the results was to calculate the coefficient of friction necessary to produce the 
obtained "slip" forces. Then, a comparison was made with the specified coefficient of 
friction values on the bearing replacement contract drawings. Note this information was 
held until after model calibration for this purpose.  
 The TBSI FE model produced an average "slip" force equal to 132.5 kips. The 
dead load reaction, per bearing, was obtained from the FE model. Note these reactions 
were compared with those specified in the original drawings and were within a 
reasonable margin. The resulting dead load reaction was approximately 1800 kips. This 
results in a bearing coefficient of friction equal to 0.07. The bearing replacement 
drawings specify material testing that yielding a coefficient of friction equal to 0.045 for 
68○F and 0.10 for -13○F. The calibration result is within these bounds and further 
validates the TBSI method for use in parameter identification. 
10.6 Sources of Error 
 As discussed above, the model-experiment correlation was substantially improved 
in comparison to the a-priori results. However, as with any model-experiment correlation 
there are sources of error. For the temperature-based FE model calibration of the TPB 
arch span the primary sources of error are listed below. 
1. Only six primary parameters were optimized during the calibration process. These 
parameters were selected due to their high degree of sensitivity to temperature-
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based effects. However, many parameters were excluded to reduce processing 
time. Including additional parameters can help reduce error. 
2. The temperature variation was approximated as uniform. In reality small local and 
global gradients were present that can affect the results.  
3. Wind and traffic response was ignored in the analysis due to its relatively small 
contribution. 
4. A time window of only 1 day was selected and the data was compressed to a 15 
minute moving average to reduce processing time. Longer time windows and less 
data compression can help reduce error. 
10.7 Conclusions 
 In conclusion, six critical parameters were identified on the TPB arch span using 
the TBSI method. The FE model calibration results were compared with those from the a-
priori FE model. Significant improvement was identified through a 60% reduction in the 
objective function along with clear graphical improvement from the strain versus 
displacement plots. The FE model was further verified through sensitivity studies with 
deterministic parameters. In addition, the global minimum was confirmed through post-
calibration studies. 
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Chapter 11: Ambient Vibration Finite Element Model Calibration Study 
 To provide a means of comparison and assessment of the TBSI method outlined 
in the previous chapter, a more conventional ambient vibration-based structural 
identification (AVSI) of the Tacony-Palmyra Bridge (TPB) arch span was carried out. As 
stated in Section 1.1, ambient vibration testing is the most common method used for 
parameter identification of long-span bridges, and this approach has become common 
practice for most major vulnerability assessment and retrofit design activities. In 
September 2011 the Drexel University Intelligent Infrastructure Alliance conducted an 
ambient vibration test on the TPB arch span. The experiment was conducted 
independently from the TBSI project. As a result, the vibration data was obtained to 
perform a finite element (FE) model calibration of the a-priori model. The overall details 
for the a-priori finite element modeling, field experiment, data processing, and model 
calibration are presented below. Comparative studies with TBSI were conducted and are 
provided in Chapter 12. 
11.1 A-Priori Finite Element Model Simulation Results 
 A natural frequency analysis was performed on the a-priori FE model described in 
Chapter 8. The first 14 modes were utilized for the study. These modes account for the 
majority of the mode participation in the longitudinal, transverse, and vertical directions. 
Table 11-1 provides the a-prior frequencies and Figure 8-13 to Figure 11-14 illustrate the 
mode shapes. 
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Table 11-1 - A-Priori FE Model Frequencies and Mode Shape Directions 
  
 
Figure 11-1 - 1st Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
Mode Frequency (Hz) Direction
1 0.68 Transvere
2 1.20 Longitudinal / Vertical
3 1.21 Transverse
4 1.48 Transverse / Torsion
5 1.70 Vertical / Longitudinal
6 2.25 Torsion
7 2.44 Vertical / Longitudinal
8 2.56 Torsion
9 2.71 Transverse / Torsion
10 2.91 Longitudinal / Vertical
11 2.93 Transverse / Torsion
12 3.35 Torsion
13 3.60 Longitudinal / Vertical
14 3.85 Transverse
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Figure 11-2 - 2nd Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
 
Figure 11-3 - 3rd Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
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Figure 11-4 - 4th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
 
Figure 11-5 - 5th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
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Figure 11-6 - 6th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
 
Figure 11-7 - 7th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
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Figure 11-8 - 8th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
 
Figure 11-9 - 9th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation View, 
and (d) End View 
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Figure 11-10 - 10th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation 
View, and (d) End View 
 
Figure 11-11 - 11th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation 
View, and (d) End View 
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Figure 11-12 - 12th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation 
View, and (d) End View 
 
Figure 11-13 - 13th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation 
View, and (d) End View 
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Figure 11-14 - 14th Mode Shape (a) Isometric View, (b) Plan View, (c) Elevation 
View, and (d) End View 
 The a-priori FE results were utilized to design the ambient vibration field test. 
Preliminary mode shapes were used to develop an instrumentation layout sufficient to 
capture the primary structural modes. This was through sensor placement to avoid nodal 
points and capture sufficient acceleration per sensor. The a-priori FE results were also 
utilized to identify the appropriate accelerometers for the experiment. 
11.2 Instrumentation Setup and Equipment 
 The ambient vibration test performed by Drexel University included significant 
coverage of the arch span. Figure 11-15 and Figure 11-16 illustrate the upstream and 
downstream arch span instrumentation layout, respectively. Figure 11-17 also illustrates 
the instrumentation layout in a 3D isometric view. It can be observed from the sensor 
placement and orientation that the primary vertical, lateral, and longitudinal modes were 
targeted for identification. 
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 It should be mentioned the entire ambient vibration study conducted by Drexel 
University included five separate phases. The instrumentation layout illustrated in Figure 
11-15 to Figure 11-17 only accounting for the first phase of the study. An additional four 
phases were conducted, which included reference and roaming sensors on adjacent spans. 
For the arch span calibration study only the first phases was used and will therefore be 
the only layout discussed in this thesis. 
 
Figure 11-15 - Upstream Arch Span Instrumentation Layout 
 
Figure 11-16 - Downstream Arch Span Instrumentation Layout 
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Figure 11-17 - Instrumentation Layout (3D Isometric View) 
 The vibration study included 48 uniaxial accelerometers. Specifically PCB 
391a03 accelerometers were utilized for the field test (Figure 11-18). The nominal 
sensitivity of the sensors was 1 V/g with a range of +/- 5g. The frequency range of the 
sensors was 0.5 to 2000 Hz with a resolution of 0.00001g.  
 Due to the significant curvature of the arch, special mounting brackets were 
utilized for the test. These mounting brackets allowed for consistent vertical and 
longitudinal orientation of all accelerometers along the structure. Each bracket included a 
mounting block with connection points at 90 degree increments (Figure 11-18). The 
blocks were capable of rotating independent of the bracket. A level was used in the field 
to accurately align the sensors. Note the mounting brackets were tested on a physical 
model in the laboratory to verify sufficient performance. 
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Figure 11-18 - Accelerometers mounted to the Tacony-Palmyra Bridge 
 All accelerometers were connected to an HBM AB22A data acquisition system 
with 4 PCB IEEE-488 signal conditioners (16 channels each). The data acquisition 
system was installed in a temporary box located on the sidewalk of the structure (Figure 
11-19).  
Accelerometer
Mounting Block
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Figure 11-19 - Data Acquisition System Installation 
11.3 Test Execution 
 The execution of the test along the TPB arch span occurred over roughly two 
weeks in September 2011. Installation of the accelerometers, cable runs, and data 
acquisition system was performed by six people over three days. Figure 11-20 illustrates 
an installation photo of accelerometers on the upper chord of the arch span.  
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Figure 11-20 - Installation of a Vertical and Transverse Accelerometer along the 
Upper Chord 
 Data sets were recorded on the arch span from September 13th to September 22nd 
sampling at 200 Hz. Typically only two days of recording are required for sufficient data. 
Additional records were taken to be extra thorough. The weather during recording was 
mostly clear skies with a mean temperature between 55○F and 78○F. Average wind 
speeds ranged from 1mph to 8 mph.  
11.3.1 On-site Data Quality Screening 
 Significant effort was dedicated to improving on-site data quality screening and 
pre-processing approaches in order to correctly identify sensing errors. In addition, the 
raw data was conditioned before further processing to identify the structure’s modal 
parameters. A Matlab based Graphical User Interface (GUI) was developed by Mr. John 
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Devitis, shown in Figure 11-21 to facilitate this rapid on-site data quality screening and 
was the main data pre-processing software used during the TPB ambient vibration test.   
 
Figure 11-21 - Graphical User Interface for Onsite Data Quality Checking 
 While in the field, the user was able to pre-load a group of data files then view 
each data set individually. Typically, each channel was first scanned to ensure proper 
connectivity and response magnitude, essentially verifying there were no dead channels 
present. The data was then viewed in the frequency domain to provide the user with 
insight into the presence of any noise as well as the resonant frequencies of the structure. 
Finally, if necessary, the data was quickly filtered of any miscellaneous noise, which is 
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illustrated in Figure 11-22. Once the data was properly conditioned and deemed 
acceptable, the user was able to click the ‘save’ button and the data quality GUI 
automatically saved and time stamped the Matlab workspace for later use. The quick 
access to data viewing and data manipulation was essential for completing the ambient 
vibration test of the TPB in a timely manner. 
 
Figure 11-22 - On-site Preprocessing 
11.3.2 Time Records 
 A total of ninety five data records were collected in thirty minute increments over 
the span of two days. As with all operational modal analysis testing and specifically with 
large scale structures such as long span bridges it is critical that the structural response is 
confidently captured above noise thresholds. To ensure this, all data records were 
screened and records containing maximum structural response were selected for further 
processing. Typical vertical acceleration amplitudes were observed between 0.02g and 
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0.05g (Figure 11-23). Typical transverse and longitudinal acceleration amplitudes were 
observed to be on the order of 0.015g (Figure 11-24 and Figure 11-25, respectively).   
 
Figure 11-23 - Typical Vertical Response Time Record 
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Figure 11-24 - Typical Transverse Response Time Record 
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Figure 11-25 - Typical Longitudinal Response Time Record 
11.3.3 Processing 
 Once the data record containing the highest level of structural response was 
selected, a 0.5Hz to 30Hz third order Butterworth band pass filter was applied. The data 
was then detrended and miscellaneous channels containing extraneous noise were 
removed. Custom import scripts were then used to create universal file formats which 
pair the recorded temporal data with its respective spatial information. These universal 
files were then imported into the commercial modal analysis software LMS Test Lab 
Operational Modal Analysis for further processing. 
 Within LMS Test Lab Operational Modal Analysis software, an array of pseudo 
impulse response functions was generated via the cross correlation function. A total of 
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fourteen reference channels were selected with a total of 8192 time lags. To avoid bias 
errors such as leakage, a 0.1% final amplitude exponential window was applied to each 
pseudo impulse response function. A typical pre-windowed pseudo impulse response 
function is shown in Figure 11-26 and a typical windowed pseudo impulse response 
function is shown in Figure 11-27. 
 
Figure 11-26 - Typical Pseudo Impulse Response Function 
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Figure 11-27 - Typical Windowed Pseudo Impulse Response Function 
11.4 Modal Identification 
 The Poly-Reference Time Domain (PTD) approach was chosen as the primary 
modal parameter estimation algorithm. The PTD approach is a high order matrix 
polynomial model and is typically used for cases where the system is under sampled in 
the spatial domain and over sampled in the temporal domain. Though in this application 
this was not particularly the case, the PTD algorithm is also known for its accuracy as it 
utilizes all measured damped complex exponential information allowing the use of 
multiple references in computation (Allemang 1999). Historically, the PTD approach has 
been successfully implemented in many output only modal analysis applications of long 
span brides with one recent example being the operational modal analysis of the Humber 
Bridge (Brownjohn et al. 2010).  
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 The PTD algorithm essentially solves for the characteristic matrix polynomial 
model at each frequency line assuming a range of system modal orders. A total of four 
hundred modal orders were solved for and the results plotted visually in a stability chart 
(Figure 11-28). Frequency lines with stable poles were selected and the corresponding 
modal vectors, or mode shapes, computed. A total of 8 stable poles were selected in the 
final data set and can be found in Table 11-2. 
 
Figure 11-28 - LMS Test Lab Operational Modal Analysis Poly Reference Time 
Domain Stability Chart 
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Table 11-2 - Mode Shapes Selected from the Analysis 
  
 From the stable poles selected their associated mode shapes were computed. 
Graphical display of the modes shapes were generated using Matlab software. The first 
mode shape is illustrated in Figure 11-29. 
 
Figure 11-29 - Mode Shape 1 from the Experimental Results 
Mode Frequency (Hz)
1 1.25
2 1.75
3 2.70
4 3.48
5 4.47
6 5.43
7 5.90
8 6.72
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11.5 TPB Arch Span Ambient Vibration Calibration 
 A standard approach was utilized for the finite element (FE) model calibration 
using ambient vibration data. The overall objective was to identify specific parameters 
along the structure. This was achieved through correlation of the measured frequencies 
and mode shapes with those obtained from the FE model. The general calibration details 
are presented in the following subsections. 
11.5.1 Sensitivity Study and Parameter Selection 
 In order to establish the parameters adequate for identification, a single degree of 
freedom (SDOF) sensitivity study was performed. The same parameters investigated in 
Section 10.2.1 were evaluated for the ambient vibration calibration (Table 10-1). Again 
each parameter was varied while all other parameters were held constant.   
 The objective function utilized for the sensitivity study is referred to as the sum of 
percent difference error function (Eq. 3-1). The terms fexp(i) and fana(i) represent the 
experimental and analytical frequencies, respectively, for the ith mode. Note for the 
sensitivity study the experimental frequencies and mode shapes were replaced with those 
obtained from the a-priori FE model. 
 
ܱܾ݆	ܨܿ݊ ൌ෍ሾ100 ቆห ௘݂௫௣ሺ݅ሻ െ ௔݂௡௔ሺ݅ሻห
௘݂௫௣ሺ݅ሻ ቇ ൅ 100ሺ
௡
௜ୀଵ
1 െ ܯܣܥሺ߮௔௡௔ሺ݅ሻ, ߮௘௫௣ሺ݅ሻሻሿ Eq. 11-1 
 
 The MAC (modal assurance criterion) function is a scalar constant relating the 
degree of consistency (linearity) between modal vectors (Allemang 2003). In this case it 
is between the analytical and experimental mode shapes, ߮௔௡௔ and ߮௘௫௣, respectively, 
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associated with the ith mode. Eq. 11-2 illustrates the MAC equation. The MAC values 
range from 0.0, representing no consistency between shapes, to 1.0 which representing 
perfect consistency.  
 
ܯܣܥሺ߮௔௡௔ሺ݅ሻ, ߮௘௫௣ሺ݅ሻሻ ൌ
|߮௔௡௔ሺ݅ሻ் ∙ ߮௘௫௣ሺ݅ሻ|ଶ
߮௔௡௔ሺ݅ሻ் ∙ ߮௘௫௣ሺ݅ሻ ∙ ߮௘௫௣ሺ݅ሻ் ∙ ߮௔௡௔ሺ݅ሻ Eq. 11-2 
  
Boundary Conditions 
 The first set of parameters evaluated the sensitivity of the arch span boundary 
conditions. Figure 11-30 and Figure 11-32 illustrate the west and east end longitudinal 
stiffness variation, respectively. Notice significant variability of the parameters over the 
applied range. However, the west end rotational stiffness results in relatively no variation 
(Figure 11-31). As a result, only the west and east end longitudinal stiffness's were 
utilized in the future calibration process. 
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Figure 11-30 - West End Longitudinal Stiffness 
 
Figure 11-31 - West End Rotational Stiffness 
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Figure 11-32 - East End Additional Longitudinal Stiffness 
 It should be noted that the mass contribution of the substructure units was 
evaluated and identified as insignificant. In some cases the frequencies and mode shapes 
are sensitive to the mass of the boundary conditions (Dubbs 2012). The a-priori FE model 
was modified by creating a central node for each pier. The superstructure was then rigidly 
linked from the bearings to each of these nodes. Then, an approximate longitudinal and 
transverse stiffness was assigned to the nodes through translational springs. A sensitivity 
study was performed varying nodal mass in the longitudinal and transverse directions at 
each pier. The changes to the primary frequencies and mode shapes were negligible.  
Continuity Conditions  
 The second set of parameters evaluated the sensitivity of the continuity 
conditions. Figure 11-33 illustrates the east end axial and rotational stiffness variation. As 
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stated earlier, the axial stiffness variation, in member L0L1, is due to the slotted 
connection present. The rotational stiffness variation is due to the pin connection at node 
U0. Notice significantly greater variability of the axial compared to the rotational 
stiffness over the applied range. The axial stiffness of L0L1 was included in the future 
calibration process, but the rotational stiffness at U0 was neglected. 
 The upper, middle, and lower chord stiffness's were also evaluated and are shown 
below in Figure 11-34. Note the approach is the same as that described in Section 10.2.1. 
For these parameters significant variation is observed. However, similar to the 
temperature-based study, this variation is only over a very low stiffness (0% to 10%) and 
the type of connection on the arch span (riveted gusset plate) is typically rigid. Therefore, 
over the expected range (70% to 100%) the sensitivity is actually very low. As a result, 
all three parameters were not included in the calibration process. 
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Figure 11-33 - East End Rotational and Axial Continuity Condition Stiffness 
 
Figure 11-34 - Upper, Middle, and Lower Chord Stiffness 
Material Properties and Mass 
 The last set of parameters evaluated the sensitivity of the material properties and 
mass of the structure. Figure 11-35 illustrates the variation of all three parameters. Notice 
significant variability of the steel modulus (Es) and mass over the applied range. 
However, the concrete modulus (Ec) is much less sensitive. As a result, only the steel 
modulus and the mass were included in the calibration process.  
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Figure 11-35 - Modulus of Elasticity and Mass Sensitivity 
Parameter Selection 
 The parameters selected for calibration were those with an objective function 
variation greater than 50, over the feasible range. The resulting parameters are listed 
below. Notice the parameters are the same as the temperature-based approach with the 
addition of the mass and steel modulus of elasticity. 
1. West End Longitudinal Stiffness (upstream and downstream) 
2. East End Longitudinal Stiffness (upstream and downstream) 
3. L0L1 Axial Stiffness (upstream and downstream) 
4. Steel Modulus of Elasticity 
5. Steel and Concrete Mass 
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 It should be noted that linear springs were used at all locations for the ambient 
vibration calibration. This was due to the fact that linearity is a primary assumption 
(through the use of superposition) for ambient vibration testing.  
11.5.2 Optimization 
 The FE model optimization was performed with the same basic approach as that 
shown in Figure 4-5. Therefore, the optimization code was written in Matlab using the 
Strand7 API features to allow for direct interaction between the programs. The 
underlying concept was to optimize the FE model to minimize the discrepancy between 
the frequencies and mode shapes. This was achieved through variation of the selected 
parameters. 
 A natural frequency analysis was performed with the FE model. The modal 
displacements were obtained and normalized. These values were used along with the 
normalized experimental modal displacements to calculate the 3D MAC values (Eq. 
11-2). Then, the experimental modes were paired with those from the FE analysis based 
on the best correlation indicated from the MAC matrix. The results were used to evaluate 
the objective function indicated in Eq. 11-3 below. Note Eq. 11-3 is the same as that used 
in the sensitivity study (Eq. 11-2) with the exception of the squared residual terms. 
 
ܱܾ݆	ܨܿ݊ ൌ෍ሾ100 ቆห ௘݂௫௣ሺ݅ሻ െ ௔݂௡ሺ݅ሻห
௘݂௫௣ሺ݅ሻ ቇ ൅ 100ሺ
௡
௜ୀଵ
1 െ ܯܣܥሺ߮௔௡ሺ݅ሻ, ߮௘௫௣ሺ݅ሻሻሿଶ Eq. 11-3 
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 Note to ensure a global minimum was obtained the optimization was performed 
multiple times with random starting points. In addition, post FE model calibration studies 
were conducted to further verify the global minimum was achieved (Section 11.7). 
11.6 TPB Arch Span Calibration Results 
 The results from the vibration-based FE model calibration are presented below in 
Table 11-3. The table includes all parameter results from the temperature-based 
calibration with the addition of the structural mass and steel modulus of elasticity.  
Table 11-3 - Vibration-Based FE Calibration Results 
 
 The steel modulus of elasticity and structural mass are typically considered 
deterministic parameters. It can be observed from Table 11-3 that these parameters were 
identified close to the expected values. This further validates the FE model and 
optimization process.  
Parameter Results
US 760 k/in
DS 740 k/in
US 5860 k/in
DS 8390 k/in
US 65%
DS 72%
Steel Modulus of Elasticity  - 99%
Steel and Concrete Mass  - 102%
L0L1 Axial Stiffness
West End Long. Stiffness
East End Add'l Long. Stiffness
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 The results from the vibration-based experiment correlated well with the 
calibrated FE model of the TPB arch span, considering the complexity of the structure. A 
comparison of the experimental and analytical frequencies was performed. Table 11-4 
provides the frequency results which illustrate minimal percent differences. In addition, 
the final MAC values are presented which depict the correlation of the experimental and 
analytical mode shapes (Table 11-5). The MAC values also show good correlation of the 
results. 
Table 11-4 - Final Comparison of Frequencies 
 
Experimental 
Frequency (Hz)
FE Model 
Frequency (Hz)
% Difference
1.25 1.24 0.2%
1.75 1.71 2.2%
2.70 2.51 7.0%
3.48 3.41 1.8%
4.47 4.49 0.5%
5.43 5.50 1.3%
5.90 6.28 6.5%
6.72 7.25 7.8%
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Table 11-5 - Final MAC Values 
 
 A comparison was also made between the a-priori and calibrated FE models. An 
overall 78% reduction in the objective function was obtained. The residual terms, per 
mode shape, are presented below in Table 11-6. This illustrates the improved correlation 
of the calibrated FE model with the measured responses. 
Table 11-6 - Comparison of Results between the A-Priori and Calibrated FE Results 
 
MAC Values
0.95
0.96
0.95
0.89
0.97
0.87
0.98
0.94
Mode A-Priori Calibrated % Reduced
1 70.8 25.1 -64%
2 63.7 44.1 -31%
3 319.4 149.6 -53%
4 435.3 166.6 -62%
5 35.3 12.4 -65%
6 280.6 204.4 -27%
7 88.1 73.0 -17%
8 2710.1 199.8 -93%
Totals 4003.2 875.2 -78%
Residual Terms
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11.7 Post FE Model Calibration Studies 
 A post FE model calibration study was performed for the vibration-based method. 
The purpose was to ensure a global minimum was obtained from the optimization 
process. In addition, it was desired to further evaluate the relative sensitivity of the 
various parameters using the complete set of calibrated parameters.  
 The ambient vibration calibration method identified five primary parameters 
appropriate for optimizing the FE model (Section 11.5.1). The west end longitudinal 
stiffness was held constant for the sensitivity studies while each of the four remaining 
parameters was varied. Despite the known "stick-slip" displacement mechanism at the 
west end of the arch span, the vibration-based calibration utilized a linear stiffness. This 
was due the fact that modal testing assumes linearity of the structure. Therefore, "stick" 
and "slip" cases were not evaluated.  
 Two sets of cases were evaluated for the vibration-based sensitivity study. The 
first set examined the stiffness of the east end longitudinal supports along with the axial 
stiffness of the east end L0L1 members. The second set analyzed the steel modulus of 
elasticity and the mass of the structure. Table 11-7 summarizes the parameter values for 
each of the four cases. Note the upstream and downstream calibrated results were 
averaged for the post calibration studies. 
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Table 11-7 - Ambient Vibration Post Calibration Study Parameters 
 
 The ambient vibration sensitivity studies were conducted using a similar approach 
to the FE model calibration. This included analysis using the natural frequency solver for 
comparison of the experimental and analytical result. Note the objective function was 
also the same as that used for the calibration (Eq. 11-3). 
 The results from Case 1a and 1b are presented below in Figure 11-36 and Figure 
11-37, respectively. The dashed lines represent the averaged upstream and downstream 
results from the calibrated FE model. It can be observed that the calibrated model was 
able to reasonably identify the minimum value for the east end longitudinal stiffness and 
L0L1 axial stiffness. The small discrepancies were attributed to the discretization of the 
sensitivity study. 
Parameter Case 1a Case 1b Case 2a Case 2b
West End Long. Stiffness
East End Add'l Long. Stiffness 0 - 10,000 k/in 7125 k/in
L0L1 Axial Stiffness 68.5% 0% - 100%
Steel Modulus of Elasticity 75% to 125% 99%
Steel and Concrete Mass 102% 75% to 125%102%
7125 k/in
68.5%
750 k/in
99%
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Figure 11-36 - Case 1a: East End Additional Stiffness Sensitivity Plot 
Calibrated FE 
Model Result
Calibrated 
Result
301 
 
 
Figure 11-37 - Case 1b: L0L1 Axial Stiffness Sensitivity Plot 
 A plot was also generated to illustrate the east end longitudinal stiffness variation 
along with the L0L1 axial stiffness variation. Figure 11-38 plots the results in 3D space 
along with the calibrated result. It can be observed that the prior optimization of the FE 
model identified a reasonable global minimum further validating the calibration results. 
Calibrated FE 
Model Result
Calibrated 
Result
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Figure 11-38 - 3D Sensitivity Plot (Combined Cases 1a and 1b) 
 The results from Case 2a and Case 2b are presented in Figure 11-39 and Figure 
11-40, respectively. Again, the dashed line in each plot represents the averaged upstream 
and downstream results from the calibrated FE model. It can be observed that the 
calibrated model was able to reasonably identify the minimum value for each of the 
parameters.  
Calibrated 
Result
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Figure 11-39 - Case 2a: Steel Modulus of Elasticity Stiffness Sensitivity Plot 
Calibrated FE 
Model Result
Calibrated 
Result
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Figure 11-40 - Case 1b: Mass Sensitivity Plot 
 An additional plot was produced to illustrate the steel modulus of elasticity 
variation along with the mass variation. Figure 11-41 plots the results in 3D space along 
with the calibrated result. It can be observed that the prior optimization of the FE model 
identified a reasonable global minimum further validating the calibration results. 
Calibrated FE 
Model Result
Calibrated 
Result
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Figure 11-41 - 3D Sensitivity Plot (Combined Cases 2a and 2b) 
11.8 Sources of Error 
 As discussed above, the model-experiment correlation was substantially improved 
in comparison to the a-priori results. However, as with any model-experiment correlation 
there are sources of error. For the vibration-based FE model calibration of the TPB arch 
span the primary sources of error are listed below. 
5. Only eight primary parameters were optimized during the calibration process.  
6. Nonlinear mechanisms may not have been activated from ambient force levels 
(Catbas et al. 2007). 
7. Modal theory assumptions (linearity, stationary, etc.). 
8. Temperature effects were ignored. 
9. Mode pairing issues during the automated optimization process. 
Calibrated 
Result
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10. The time window of data utilized was only 30 minutes. 
11.9 Conclusions 
 In conclusion, eight critical parameters were identified along the TPB arch span 
using an AVSI approach. The FE model calibration results were compared with those 
from the a-priori FE model. Significant improvement was identified through a 78% 
reduction in the objective function. The results were further verified through post-
calibration studies. A comparison of the results with the TBSI method is presented in the 
following chapter. 
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Chapter 12: TBSI Calibration versus Ambient Vibration Calibration 
 The aim of this chapter is to compare and contrast the finite element (FE) models 
calibrated using temperature-based structural identification (TBSI) and ambient vibration 
structural identification (AVSI). The results of these calibrations were presented in the 
previous chapters and are summarized in Table 12-1. It can be observed that each method 
identified different stiffness parameters despite using the same FE model. However, 
important conclusions can be drawn from the results. Overall, the stiffness parameter 
differences were attributed to the force levels present during each test method, data 
processing techniques, along with the bridge movement time scales. A discussion of each 
parameter, followed by scenario analyses, and overall conclusions are provided below. 
Table 12-1 - Comparison of Temperature versus Vibration Results 
 
Parameter Temperature-Based Vibration-Based
US 1300 k/in * 760 k/in
DS 1350 k/in * 740 k/in
US 1100 k/in 5860 k/in
DS 1600 k/in 8390 k/in
US 0% 65%
DS 0% 72%
Steel Modulus of Elasticity  - 100% ** 99%
Steel and Concrete Mass  - 100% ** 102%
* Elastic stiffness portion of nonlinear mechanism indicated
** Value held constant during optimization
L0L1 Axial Stiffness
West End Long. Stiffness
East End Add'l Long. Stiffness
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12.1 West End Longitudinal Stiffness 
 The elastic portion of the west end longitudinal stiffness was compared and it was 
indicated that the AVSI stiffness was 43% reduced from the TBSI stiffness (Table 12-1). 
This was attributed to the data processing techniques utilized for ambient vibration 
monitoring. The bearing was within a "slip" period when the vibration data was recorded 
(confirmed from raw displacement data). As a result, the bearing was unloaded and 
reloaded in the in a bi-linear fashion. The unloading followed the "stick" stiffness (kstick) 
and the reloading followed the "slip" stiffness (kslip). Figure 12-1 illustrates this behavior. 
After the vibration data is processed the stiffness is essentially smeared and represented 
as a linear stiffness (kvibr). Therefore, the elastic stiffness's identified from each method 
are different because they represent the parameter in different ways. 
 
Figure 12-1 - Illustration of Smeared West End Stiffness from Dynamic Calibration 
kslip
Force
Displacement
kstick
kvibr
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 An important observation is the ability of TBSI to characterize the linear and 
nonlinear mechanism present at the bearings. The AVSI approach only can identify a 
smeared linear stiffness. This is a clear advantage of the TBSI method. 
12.2 L0L1 Axial Stiffness 
 The axial stiffness parameter at the east end L0L1 members was identified as a 
significantly higher stiffness for the vibration-based calibration compared to the 
temperature-based calibration (Table 12-1). A steel-on-steel slotted connection is present 
along the east end L0L1 members. Separate FE model analysis of the live load demands 
indicated typical truck loading produced sufficient force levels to "slip" the connections. 
As a result, a rapid "stick-slip" mechanism was present compared to the slow "stick-slip" 
mechanism identified at the west end expansion bearings.  
 The stiffness of the east end L0L1 members vary over a short timescale (minutes) 
due to the vehicular loading continually "slipping" the connection. Therefore, ambient 
vibration test data records both the "stick" and "slip" periods. The averaging techniques 
utilized for dynamic data processing smears the resulting stiffness of the connections 
(Figure 12-2). 
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Figure 12-2 - Illustration of Smeared L0L1 Connection Stiffness from Dynamic 
Calibration 
 The temperature-based calibration used a full day of static data. The continual 
release of axial force due to repeated connection "slip" resulted in very low magnitudes 
(± 10 microstrain). As a result, the temperature-based calibration identified essentially no 
connection stiffness from the slotted connection. 
12.3 East End Additional Longitudinal Stiffness 
 The east end longitudinal stiffness parameter represents the additional stiffness 
from the degraded concrete encasement of the east end vertical members. The vibration-
based analysis indicated a substantially higher stiffness than that identified from the 
temperature-based analysis. This was attributed to the coupling of this parameter with the 
east end L0L1 stiffness's (Section 12.1). Separate optimizations were performed to 
validate this hypothesis. The east end L0L1 axial stiffness’s were changed to a constant 
0% and the vibration-based optimization was performed. The optimized east end 
100%
Stiffness
Time
0%
Reality Dynamic Smeared 
Result
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longitudinal stiffness’s were substantially less and of a similar order of magnitude to the 
temperature-based results. 
12.4 Scenario Analysis 
 Three general scenarios were evaluated to compare the results from the calibrated 
FE models using the TBSI and AVSI methods. Linear analysis was performed so the 
temperature-based model was separated into two different models. This included separate 
"stick" and "slip" models where all parameters were the same except for the west end 
bearing stiffness. Note for this study the upstream and downstream parameters, illustrated 
in Table 12-1, and were averaged for simplicity.  
 The three scenarios included vertical static loading, lateral static loading, and 
lateral dynamic loading. It was intended to keep the scenarios general to illustrate the 
primary similarities and differences of the models. Each of the scenarios is discussed 
below.  
12.4.1 Vertical Static Case 
 Select static vertical live load general scenarios were conducted utilizing the 
calibrated FE models. Each of the live load scenarios simply included three side-by-side 
HS20 AASHTO vehicles with an impact factor equal to 1.33 (AASHTO 2010). The 
vehicles were then placed at 1/4, 1/2, and 3/4 of the span. Figure 12-3 illustrates the FE 
model with live load applied at 1/2 span.  
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Figure 12-3 - Live Load Applied at 1/2 Span of the FE Model 
 Linear static analysis was performed with the FE models and select locations were 
observed. Figure 12-4 shows the members compared. The corresponding axial forces 
were summarized for the "stick", "slip", and vibration FE models. Table 12-2, Table 
12-3, and Table 12-4 illustrate the results for the three loading positions. 
 
Figure 12-4 - Member Locations for Scenario Analysis 
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Table 12-2 - Live Load Axial Forces for 1/4 Span Application (kips) 
 
VIBR.
Force (kips) Force (kips) % Difference Force (kips) % Difference
L2L3 West 26 25 5% 81 -210%
L7L8 West 44 43 2% 94 -117%
L7L8 East -1 -4 -534% 46 7990%
L2L3 East 17 11 38% 64 -263%
L0L1 West -87 -86 1% -26 71%
M2M3 West -5 1 116% 32 753%
M7M8 West 104 112 -7% 121 -16%
M7M8 East -144 -149 -3% -155 -8%
M2M3 East -80 -102 -27% -105 -31%
L0L1 East 52 0 100% 0 100%
U2U3 West -163 -165 -1% -199 -22%
U7U8 West -139 -142 -2% -154 -11%
U7U8 East 47 53 -13% 52 -12%
U2U3 East 0 23 -5741% 21 -5174%
U0E East -19 -49 -163% -1 93%
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Table 12-3 - Live Load Axial Forces for 1/2 Span Application (kips) 
 
VIBR.
Force (kips) Force (kips) % Difference Force (kips) % Difference
L2L3 West 50 53 -6% 88 -74%
L7L8 West 61 63 -4% 95 -57%
L7L8 East 63 66 -5% 96 -53%
L2L3 East 63 68 -7% 100 -58%
L0L1 West -39 -37 6% 0 100%
M2M3 West -130 -131 -1% -112 14%
M7M8 West -111 -113 -2% -107 3%
M7M8 East -83 -81 2% -85 -3%
M2M3 East -113 -105 7% -107 5%
L0L1 East -19 0 100% 0 100%
U2U3 West -13 -13 -6% -34 -171%
U7U8 West -75 -74 1% -82 -9%
U7U8 East -107 -109 -2% -110 -3%
U2U3 East -30 -39 -28% -40 -32%
U0E East -8 -33 -319% -3 61%
1/2 Span
STICK SLIPMember End
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Table 12-4 - Live Load Axial Forces for 3/4 Span Application (kips) 
 
 It was observed that the "stick" and "slip" cases essentially bounded the response 
with the exception of the east end L0L1 members. This was due to the slotted connection 
along these members and the fact that it was completely released under the "stick" and 
"slip" models. However, all other responses from the vibration model were nearly the 
same or less than that of the "stick" and "slip" models.  
12.4.2 Lateral Static Case 
 A static lateral wind load scenario was applied to the three FE models. This 
included a 100 mph wind speed with a base pressure of 50 psf according AASHTO 
specifications (AASHTO 2010). Only a perpendicular wind load attack angle was 
VIBR.
Force (kips) Force (kips) % Difference Force (kips) % Difference
L2L3 West 29 40 -41% 52 -84%
L7L8 West 21 31 -48% 43 -100%
L7L8 East 64 80 -26% 91 -43%
L2L3 East 49 75 -54% 87 -77%
L0L1 West -8 -2 78% 11 234%
M2M3 West -92 -104 -13% -97 -6%
M7M8 West -129 -150 -16% -148 -14%
M7M8 East 97 110 -14% 109 -12%
M2M3 East -6 57 1092% 56 1079%
L0L1 East -153 0 100% 0 100%
U2U3 West 23 23 -1% 16 31%
U7U8 West 47 54 -15% 51 -9%
U7U8 East -123 -141 -15% -142 -15%
U2U3 East -156 -222 -43% -223 -43%
U0E East 12 -16 225% -5 140%
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3/4 Span
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considered without any vertical wind loading. Figure 12-5 illustrates the wind loading 
applied as distributed member loads along the FE model.  
 
Figure 12-5 - Wind Load Applied to the FE Model 
 Linear static analysis was performed with the FE models and select locations were 
observed. The members compared were the same as with the live load investigation 
(Figure 12-4). The corresponding axial forces were summarized for the "stick", "slip", 
and vibration FE models. Table 12-5 illustrates the results for the three loading positions. 
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Table 12-5 - Wind Load Axial Force (kips) 
 
 It was again observed that the "stick" and "slip" cases essentially bounded the 
response. The only exception was the east end middle chord members (L0L1 and 
M2M3). This was due to the slotted connection and the fact that it was completely 
released under the "stick" and "slip" models. However, all other responses from the 
vibration model were nearly the same or less than that of the "stick" and "slip" models. 
12.4.3 Pull and Release 
 A dynamic pull and release scenario was applied to the three FE models. This 
included a 12 in lateral displacement (pull), which was removed to allow the arch to 
undergo free vibration. Figure 12-6 illustrates the initial deflected shape from the lateral 
displacement.  
VIBR.
Force (kips) Force (kips) % Difference Force (kips) % Difference
L2L3 West -326 -325 0% -525 -61%
L7L8 West -472 -564 -19% -697 -48%
L7L8 East -350 -562 -61% -630 -80%
L2L3 East -29 -394 -1253% -416 -1330%
L0L1 West 219 335 -53% 12 95%
M2M3 West 90 159 -77% 44 51%
M7M8 West -100 -63 37% -97 3%
M7M8 East -42 -107 -157% -85 -104%
M2M3 East 151 -18 112% 1 99%
L0L1 East 382 0 100% 0 100%
U2U3 West 142 133 6% 214 -51%
U7U8 West -88 -103 -16% -85 3%
U7U8 East -92 -66 28% -71 23%
U2U3 East 201 301 -49% 318 -58%
U0E East 110 276 -151% 310 -182%
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Figure 12-6 - Deflected Shape from Lateral Pull at Mid-span (a) Isometric View, (b) 
Plan View, (c) Elevation View, and (d) End View 
 Linear static analysis was performed with the FE models to induce the initial 
lateral displacement. Then a linear transient dynamic analysis was performed using the 
linear static analysis as the initial conditions. Thirty seconds of free vibration were 
analyzed. Select members were compared to identify the influence at various locations 
along the arch span. The peak axial force and longitudinal displacement response was 
observed with the "stick", "slip", and vibration models. Table 12-6 summarizes the 
maximum response for the locations observed.  
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Table 12-6 - Linear Pull and Release Maximum Axial Force (kips) and Longitudinal 
Displacement (inches) 
 
 Figure 12-7 and Figure 12-8 illustrate typical axial force and longitudinal 
displacement time history plots for the linear analysis. The amplitude and rate of decay 
differences in the models can be observed.  
Force (kips) Force (kips) % Difference Force (kips) % Difference
L2L3 West 905 799 12% 1025 -13%
L2L3 East 539 889 -65% 807 -50%
L0L1 West 487 706 -45% 91 81%
M2M3 East 680 497 27% 414 39%
U2U3 West 723 664 8% 785 -9%
U2U3 East 795 993 -25% 981 -23%
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Figure 12-7 - West End L0L1 Axial Force Time History Plots 
 
Figure 12-8 - West End Longitudinal Displacement Time History Plots 
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 A nonlinear transient dynamic analysis of the true calibrated TBSI model was also 
performed. This included the "stick-slip" mechanism at the west end of the arch. The 
results of the analysis were again compared to the ambient vibration analysis.  
 Despite the higher west end elastic stiffness less axial force was observed at most 
locations in the TBSI calibrated model. This was due to the ability of the model to release 
the built-up axial force at the expansion bearings. Figure 12-9 illustrates the axial force 
time history for the west end L0L1 member.  
 
Figure 12-9 - West End L0L1 Axial Force Time History Plots 
 A greater dissipation of energy was also observed from the TBSI model. Despite 
the higher initial longitudinal displacement the "stick-slip" model the final displacement 
were much lower. Figure 12-10 illustrates this behavior. 
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Figure 12-10 - West End Longitudinal Displacement Time History Plots 
12.5 Conclusions 
 The FE model calibration using the TBSI method versus the AVSI method 
characterized parameters in different ways. This was due to the force levels present 
during each test method, data processing techniques, along with the bridge movement 
time scales. In addition, the TBSI method identified nonlinear mechanisms where AVSI 
assumed near linear behavior essentially smearing the parameters. Each method had 
distinct advantages and disadvantages.  
 Slow rate "stick-slip" movement mechanisms, such as the west end expansion 
bearings, are identified differently between TBSI and AVSI. TBSI can characterize the 
nonlinear behavior of slow rate mechanisms. However, AVSI can only provide a smeared 
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linear stiffness that is dependent on when the data set was obtained. This was clearly 
observed from the identified west end longitudinal stiffness of the TPB arch span. 
 For rapid "stick-slip" movement mechanisms, such as the slotted connection at the 
east end L0L1 members, AVSI identified a smeared linear stiffness (65% to 72%). 
However, the TBSI method utilized a longer timeframe of data and sampled at a much 
slower rate. The continual release of axial force resulted in essentially 0% axial stiffness 
according to the TBSI method. As a result, only the TBSI method was able to identify the 
movement mechanism was fully functioning. 
 It should also be mentioned that the parameters are not mutually exclusive. 
Identifying a parameter in a certain manner, in many cases, affects other parameters. For 
example the smeared axial stiffness of the east end L0L1 members from AVSI increased 
the identified elastic east end longitudinal. The coupling of parameters must be taken into 
consideration when interpreting the results. 
 In summary, it is of the opinion of the author that both the TBSI and ABSI 
methods be paired together for true characterization of a structure. Neither method is 
absolute and should only be applied alone for certain objectives. Applying both methods 
to a long-span bridge allows for an increased understanding of the boundary and 
continuity conditions along with the overall mass and stiffness of the structure. 
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Chapter 13: TBSHM 
 The second temperature-based method for evaluating long-span bridges is 
TBSHM (Temperature-Based Structural Health Monitoring). The objective of TBSHM is 
to provide a reliable and sensitive baseline for identifying parameter deviations 
throughout the life of the bridge allowing for proactive maintenance and preservation. 
The overall process of TBSHM is provided below in Figure 13-1. 
 
Figure 13-1 - TBSHM Process 
 A temperature-based performance baseline was researched and the details are 
provided in this chapter. The primary baseline concept is the relationship between local 
strains (mechanical strains), global displacements, and temperature variation (previously 
TBSHM
(1) Observation & 
Conceptualization
(2) A-Priori 
Modeling
(Temperature 
Analysis)
(3) Experiment
(Measurement of Local, 
Global, and Temperature 
Response)
(4) Processing & 
Interpretation of 
Data
(5) SHM System 
Setup
(6) Execution of 
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described in Section 9.1.3.4). The Tacony-Palmyra Bridge (TPB) arch span measured 
responses, for these parameters, were plotted and exhibited a near flat surface in 3D 
space. This relationship was evaluated to identify all influential parameters and fully 
understand this phenomenon. Benchmark problems were analyzed along with several 
case studies. The relationships identified were then utilized in a structural health 
monitoring application of the TPB arch span. 
13.1 Benchmark Simple Beam Study 
 The first benchmark problems were conducted on a simply supported beam with a 
longitudinal spring support subjected to only a uniform temperature change (Figure 
13-2). The first objective was to understand the influence of specific parameters on the 
relationship between restrained strain, unrestrained displacement, and temperature 
change. Therefore, two derivations were performed to obtain the unrestrained 
displacement (U) and restrained strain (R), each as a function of spring stiffness (kS), 
uniform temperature change (T), modulus of elasticity (E), cross-sectional area (A), 
length (L), and coefficient of thermal expansion (). In addition, sensitivity studies were 
conducted.  
 
Figure 13-2 - Simply Supported Beam with a Longitudinal Spring 
L
T ks
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13.1.1 Unrestrained Displacement 
 The derivations were similar to that in Section 3.2.1. To determine the 
unrestrained displacement from a uniform temperature change a statically indeterminate 
problem results. The solution was obtained using superposition (Figure 13-3). The spring 
was removed and then applied as the redundant reaction. The unrestrained displacement 
was simply the difference between the total displacement (T) and the restrained 
displacement (R). This is shown graphically in Figure 13-3.  
 
Figure 13-3 - (a) Beam without Spring Support (b) Total Deformation due to 
Uniform Temperature Change (c) Restrained Deformation due to Spring Force 
(shown in the negative direction) 
 Utilizing Eq. 3-7 and Eq. 3-9 the resulting expression for the unrestrained 
displacement is shown below in Eq. 3-9. The spring force due to temperature (FST) was 
L
(a)
T
U R
(b)
(c) FST
327 
 
expressed as shown in Eq. 13-2. Therefore, combining Eq. 3-9 and Eq. 13-2 a final 
expression for the unrestrained displacement results (Eq. 13-3). 
 
ߜ௎ ൌ ߙሺ∆ܶሻܮ െ ܨௌ்ܮܣܧ  Eq. 13-1 
 
  
 
ܨௌ் ൌ ߜ௎݇ௌ Eq. 13-2 
 
  
 ߜ௎ ൌ ߙ
ሺ∆ܶሻܮ
1 ൅ ݇ௌܮܣܧ
 Eq. 13-3 
 
13.1.2 Restrained Strain (Mechanical Strain) 
 The restrained strain was derived by simply dividing the restrained displacement 
(Eq. 3-9) by the undeformed beam length. The resulting expression is provided below in 
Eq. 13-4. Substituting Eq. 13-3 into Eq. 13-2 and then substituting the result into Eq. 13-4 
produced the final expression for restrained strain (Eq. 13-5). Note the restrained strain is 
the portion of temperature strain that produces stress (also referred to as mechanical 
strain). 
 
ߝோ ൌ െܨௌ்ܣܧ  Eq. 13-4 
 
  
 ߝோ ൌ െ݇ௌߙ
ሺ∆ܶሻܮ
ܣܧሺ1 ൅ ݇ௌܮܣܧ ሻ
 Eq. 13-5 
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13.1.3 Sensitivity Studies 
 To evaluate the influence of the various parameters several sensitivity studies 
were conducted. The approach was to vary each of the parameters separately along with 
the spring stiffness (boundary condition). Varying the spring stiffness with linear static 
analyses produces a 3D plane approximating nonlinear support conditions.  
 A W36x256 rolled steel beam was analyzed for a length of 100 ft. Table 13-1 
illustrates the sensitivity studies conducted and the values utilized. Note the limits of the 
3D planes were also investigated.  
Table 13-1 - Sensitivity Study Parameter Values 
 
Cases kS E A  L Release
(1) Modulus of 
Elasticity (E) 
Study
0 - 3,000 
k/in 50% - 200% 75 sq in 6.50E-06 100 ft None
(2) Cross-
Sectional Area 
(A) Study
0 - 3,000 
k/in 29000 ksi 50% - 200% 6.50E-06 100 ft None
(3) Coefficient 
of Thermal 
Expansion ( ) 
Study
0 - 3,000 
k/in
29000 ksi 75 sq in 50% - 200% 100 ft None
(4) Length (L) 
Study
0 - 3,000 
k/in
29000 ksi 75 sq in 6.50E-06 50% - 200% None
(5) Axial 
Stiffness Study
0 - 3,000 
k/in
29000 ksi 75 sq in 6.50E-06 100 ft 0% - 100%
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13.1.3.1 Case 1 
 The first sensitivity study evaluated the modulus of elasticity (E) influence on 
temperature-based response (row 1 from Table 13-1). Figure 13-4 illustrates two 3D plots 
of the restrained strain, displacement, and temperature relationship for the extreme 
bounds of the study. Each line projecting from the origin represents a constant spring 
stiffness value. It was observed that the bounds of the plane were affected by the modulus 
of elasticity. However, the orientation of the plane was not affected by the modulus.  
 
Figure 13-4 - 3D Plot varying the Spring Stiffness and Modulus of Elasticity 
13.1.3.2 Case 2 
 The second sensitivity study evaluated the cross-sectional area (A) influence on 
temperature-based response (row 2 from Table 13-1). Figure 13-5 illustrates two 3D plots 
of the restrained strain, displacement, and temperature relationship for the extreme 
kS = 0 k/in
kS = 3,000 k/in
(with 0.5E)
kS = 3,000 k/in
(with 2.0E)
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bounds of the study. Similar to the modulus, it was observed that the bounds of the plane 
were affected by the cross-sectional area. Again, the orientation of the plane was not 
affected. 
 
Figure 13-5 - 3D Plot varying the Spring Stiffness and Cross-Sectional Area 
 It can be observed from the first and second sensitivity studies that the modulus of 
elasticity and the cross-sectional area produced identical results. This makes sense when 
observing Eq. 13-5. The product of the modulus of elasticity and the cross-sectional area 
are essentially one parameter (EA). As a result, the effects of each parameter cannot be 
distinguished from one another with a temperature-based method. 
13.1.3.3 Case 3 
 The third sensitivity study evaluated the coefficient of thermal expansion () 
influence on temperature-based response (row 3 from Table 13-1). Figure 13-6 illustrates 
kS = 0 k/in
kS = 3,000 k/in
(with 0.5A)
kS = 3,000 k/in
(with 2.0A)
331 
 
two 3D plots of the restrained strain, displacement, and temperature relationship for the 
extreme bounds of the study. It was observed that the bounds of the plane were affected 
along with the orientation (angle) of the plane.  
 
Figure 13-6 - 3D Plot varying the Spring Stiffness and Coefficient of Thermal 
Expansion 
13.1.3.4 Case 4 
 The forth sensitivity study evaluated the effective length (L) influence on 
temperature-based response (row 4 from Table 13-1). Figure 13-7 illustrates two 3D plots 
of the restrained strain, displacement, and temperature relationship for the extreme 
bounds of the study. It was observed that the bounds of the plane were affected along 
with the orientation (angle) of the plane.  
kS = 3,000 k/in
kS = 0 k/in
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Figure 13-7 - 3D Plot varying the Spring Stiffness and Effective Length 
13.1.3.5 Case 5 
 The final sensitivity study evaluated the axial stiffness influence on temperature-
based response (row 5 from Table 13-1). Member end releases were used to numerically 
perform the study with an FE model while holding all other parameters constant. Figure 
13-8 illustrates 3D plots of the restrained strain, displacement, and temperature 
relationship for varying axial beam stiffness's. It was observed that the orientation (angle) 
of the plane was affected.  
 With no axial (internal) stiffness the plane was present in 2D space (temperature 
versus displacement) as a result of no restrained strain (or stress) generated. However, as 
the stiffness is increased the orientation (angle) of the plane continually changed with 
increased restrained strain.  
kS = 3,000 k/in
kS = 0 k/in
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Figure 13-8 - 3D Plot varying the Spring Stiffness and Axial Beam Stiffness 
13.1.4 3D Plane Limits 
13.1.4.1 Limit Scenario 1 
 The limits of the 3D planes were evaluated to further understand the behavior of 
the 3D planes. This included infinite internal stiffness and infinite external stiffness. The 
first limiting case set the modulus of elasticity (E) and/or cross-sectional area (A) equal to 
infinity. From Eq. 13-5 it can be observed that the restrained strain (R) goes to zero when 
either E or A approaches infinity. This was also illustrated graphically in Figure 13-9 
using the simple beam model (blue line).  
kS = 0 k/in
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Figure 13-9 - 3D Plot Limits Scenario 1 
 The second limiting case set the external spring stiffness (kS) equal to infinity. 
From Eq. 13-3 it can be observed that when this occurs the displacement (U) goes to 
zero. Graphically this was also observed in Figure 13-9 using the simple beam model (red 
line).  
 The 3D plane for varying kS values resided between the limiting cases stated 
above. All other parameters were held constant for this case. Figure 13-9 shows the 3D 
plane for the simple beam with varying kS values (green plane). Note this plane matches 
that illustrated in Figure 13-8 (100% axial stiffness). However, in Figure 13-8 the kS 
values only range from 0 to 3,000 k/in. 
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13.1.4.2 Limit Scenario 2 
 The limits were further illustrated using beam end releases with a numerical FE 
model of the simple beam. The first limiting case utilized a full axial release (0% internal 
stiffness) and varied the external stiffness from 0% to 100%. The 3D plane resided 
entirely in the temperature versus displacement space (Figure 13-10 blue plane). No 
internal strain could be developed with full axial release.  
 
Figure 13-10 - 3D Plot Limits Scenario 2 
 The second limiting case utilized a 100% external stiffness (fixed) while varying 
the internal stiffness from 0% to 100%. With a fixed support the displacement is zero 
resulting in a plane only in the temperature versus restrained strain space (Figure 13-10 
red plane).  
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 The final case set the internal stiffness equal to 100% (no release), but varied the 
external stiffness from 0% to 100%. This was a 3D plane that stretched between the 
limits of the two prior planes (Figure 13-10 green plane). Note this plane matches the 
green plane illustrated in Figure 13-9. 
 As previously illustrated in Section 13.1.3.5, the 3D plane rotates  as a result of 
varying axial stiffness. Therefore, the blue plane in Figure 13-10 rotates toward the green 
plane with increasing axial stiffness (similar to Figure 13-8). This is important because 
the orientation of the 3D plane can be identified from measured data and used to track 
structural performance. 
13.1.5 Simple Beam Study Summary 
 In summary, the sensitivity of various parameters on the 3D plane behavior was 
identified. It was observed that the modulus of elasticity and cross-sectional area both 
affected the bounds of the 3D plan, but had no influence on the orientation. The 
coefficient of thermal expansion affected both the bounds and orientation of the plane 
while the length significantly affected the orientation. The external spring stiffness only 
affected the bounds of the plane.  
 The 3D planes exhibit encouraging use for tracking structural performance with a 
structural health monitoring system. If a 3D plane can be measured at locations on a 
structure, then it could potentially be used as a baseline for "normal" behavior. Therefore, 
alterations of the 3D planes, through changes of the bounds and/or orientation (angle), 
may help identify structural issues. Additionally, the limits of the 3D plane allow for 
clear identification of outliers associated with data quality issues. 
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13.2 Benchmark Continuous Beam Study 
 A continuous beam benchmark study was conducted to examine the influence of 
boundary and continuity conditions on the relationship between restrained strain 
(mechanical strain), unrestrained displacement, and temperature change for a multi-
element system. A continuous beam supported with vertical columns and a longitudinal 
spring support was analyzed under uniform temperature variation (Figure 13-11). 
W36x256 rolled steel beams were used, each with lengths of 100 ft. The columns were 
also W36x256 with a height of 20 ft. 
 
Figure 13-11 - Continuous Beam Study Diagram 
 The approach was to vary the spring support stiffness (boundary condition) while 
varying the axial stiffness of interior beam #2 (continuity condition). Figure 13-12 
illustrates the Stand7 FE model utilized for the study. The spring stiffness was varied 
from zero to infinite stiffness and the interior beam axial stiffness was varied from 0% to 
100%.  
 
54321
Beam with 
Varied Stiffness
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Figure 13-12 - Continuous Beam Study Strand7 FE Model (Isometric View) 
 Figure 13-13 illustrates the 3D plots of the restrained strain (mechanical strain), 
unrestrained displacement, and temperature relationship for beam #2. Each 3D plane 
represents separate continuity condition stiffness's (0%, 1%, 5%, 50%, and 100% shown). 
The primary observations were the change in orientation (angle) and bounds of the 3D 
planes as a result of varying continuity condition stiffness. Also note, the sensitivity of 
the plane orientation was greater for lower axial stiffness's. 
Beam End 
Release
1
2
3
4
5
339 
 
 
Figure 13-13 - 3D Plot for Beam #2 
 The high sensitivity of beam #2 was expected due to the fact that this beam was 
applied the end releases. The influence of beam #2 stiffness variations on other beams 
was also evaluated. Figure 13-14 and Figure 13-15 illustrate the 3D plots of the restrained 
strain, unrestrained displacement, and temperature relationship for beam #1 and beam #5, 
respectively. Both locations exhibit significant sensitivity to the 3D planes. 
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Figure 13-14 - 3D Plot for Beam #1 
 
Figure 13-15 - 3D Plot for Beam #5 
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 It should be discussed that the support stiffness of the continuous beam is a major 
factor in the sensitivity of the beam 3D planes. The greater the stiffness of the columns 
results in less sensitivity of the response. For example, the columns were modified by 
reducing their height by 50% and fully fixing the bottom support conditions. The 3D 
plane response for beam #5 was much less sensitive to the beam #2 stiffness variation 
(Figure 13-16).  
 
Figure 13-16 - 3D Plot for Beam 5 (Increased Column Stiffness) 
13.3 Benchmark Boundary and Continuity Condition Study 
13.3.1 Case Study & Scenario Analysis 
 A case study and scenario analyses were performed to further evaluate the 
influence boundary and continuity conditions have on the relationship between restrained 
strain (mechanical strain), unrestrained displacement, and temperature change. A 
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simplistic model was analyzed for the study which consisted of two simply beams 
connected with an internal spring (continuity condition) and supported with an external 
longitudinal spring at one end (boundary condition). Figure 13-17 graphically illustrates 
the model. 
 
Figure 13-17 - Case Study Model 
 Five different cases were evaluated for the study. For each case the only 
parameters modified were the internal and external spring support definitions (Table 
13-2). Two types of spring definitions were utilized. The first was a simple linear 
stiffness. The second was an approximated "stick-slip" nonlinear behavior. This included 
a constant force-displacement slope with a "slip" force. Figure 13-18 graphically 
illustrates the two types of spring support definitions.  
Exterior
Spring
Interior
Spring
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Table 13-2 - Case Study Spring Definitions 
 
 
Figure 13-18 - Linear and Nonlinear Spring Definitions 
Linear Linear
k0 = 2000 k/in k0 = 1500 k/in
Nonlinear Linear
Fslip = 100 kips k0 = 1500 k/in
Linear Nonlinear
k0 = 1500 k/in Fslip = 100 kips
Nonlinear Nonlinear
Fslip = 200 kips Fslip = 100 kips
Nonlinear Nonlinear
Fslip = 100 kips Fslip = 200 kips
2
3
4
5
CASE Exterior Spring Interior Spring 
1
k0
Linear Spring 
Property Definition
Fslip
Nonlinear Spring 
Property Definition
-Fslip
F F
D D
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 The case study model was generated in Strand7 FE software. W36x256 rolled 
steel beams were used, each with a length of 100 ft. The temperature input was generated 
by the author to approximate typical daily and seasonal temperature variation. Figure 
13-19 illustrates the 117 temperature values. The FE model, for each case, was analyzed 
using the nonlinear static solver.  
 
Figure 13-19 - Temperature Input for the Case Study 
13.3.1.1 Case 1 
 The first case evaluated linear boundary and continuity conditions. This produced 
a line in 3D space. Figure 13-20 illustrates the 3D plot of beam restrained strain, 
unrestrained displacement (leftmost support), and temperature variation. Note the beam 
restrained strain is the same for each beam.   
345 
 
 
Figure 13-20 - Case Study 1 3D Plot 
13.3.1.2 Case 2 
 The second case evaluated a nonlinear boundary condition with a linear continuity 
condition. This produced a flat surface in 3D space. Figure 13-21 illustrates the 3D plot 
of beam restrained strain, unrestrained displacement (leftmost support), and temperature 
variation. The grey area maps a 3D surface fit to the data points. Note this response is 
similar to that measured from the TPB arch span. 
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Figure 13-21 - Case Study 2 3D Plots 
13.3.1.3 Case 3 
 The third case evaluated a linear (constant) boundary condition with a nonlinear 
continuity condition. This produced a vertical surface in 3D space (Figure 13-22d). The 
restrained strain versus displacement response was linear (Figure 13-22a). However, the 
temperature versus strain and temperature versus displacement (leftmost support) were 
nonlinear as shown in Figure 13-22b and Figure 13-22c, respectively. 
(a)
(c)
(b)
(d)
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Figure 13-22 - Case Study 3 3D Plots 
13.3.1.4 Case 4 
 The fourth case evaluated nonlinear boundary and continuity conditions. 
However, the "slip" force was lower for the interior spring (continuity condition) than 
that of the exterior spring (boundary condition). The results were the similar to Case 
Study 3. This was due to the lower "slip" force assigned to the interior spring. Therefore, 
the exterior spring never "slipped" and the behavior was always in the linear range.   
13.3.1.5 Case 5 
 The fifth case evaluated nonlinear boundary and continuity conditions. However, 
the "slip" force was lower for the exterior spring (boundary condition) than that of the 
interior spring (continuity condition). The results were the similar to Case Study 2. This 
(a)
(c)
(b)
(d)
348 
 
was due to the lower "slip" force assigned to the exterior spring. Therefore, the interior 
spring never "slipped" and the behavior was always in the linear range.  
 Case 5 clearly illustrated that the nonlinear mechanisms on the TPB arch span 
may not have been activated due to the level of "slip" force from the bearings. This is not 
a concern as long as the bearings are maintained and functioning properly. 
13.3.1.6 Scenario Analysis 1 
 The first scenario evaluated the effects of a change in continuity condition linear 
stiffness on the relationship between restrained strain (mechanical strain), unrestrained 
displacement, and temperature change. The same model as the case studies (Figure 
13-17) was utilized with a nonlinear "stick-slip" boundary condition (Figure 13-18). The 
"slip" force was set equal to 100 kips. The continuity condition was defined as linear with 
stiffness equal to 1500 k/in, but then changed to 200 k/in half way through the analysis. 
The temperature input was also the same as the case studies (Figure 13-19); however it 
was repeated twice to allow for direct comparison between the different continuity 
condition stiffness's.  
 As previously observed from Case 2 in Section 13.3.1.2, a flat 3D plane results 
from a nonlinear boundary condition with a linear continuity condition. This was also 
observed with the scenario analysis. A flat 3D plane was produced, however with the 
change in continuity condition stiffness the 3D plane rotated. This can be observed from 
the 3D surface plots shown in Figure 13-23 and Figure 13-24.  
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Figure 13-23 - Scenario 1 3D Plot 
 
Figure 13-24 - Scenario 1 3D Plot (same as Figure 13-23, but rotated) 
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 The "stick-slip" behavior was observed from the temperature versus displacement 
response (Figure 13-25). It can be seen from Figure 13-25 that the "stick" response slope 
changed as a result of the continuity condition change. In addition, the amount of 
temperature variation before a "slip" occurred increased with a reduction in continuity 
condition stiffness. This makes sense because greater temperature was required to reach 
the force level necessary at the boundary to reach the "slip" force. 
 The slope of the "slip" response went unchanged with the modified continuity 
condition (Figure 13-25). After the "slip" all force was released at the boundary so the 
continuity condition stiffness had no affect on the response.  
 
Figure 13-25 - Scenario 1 Temperature versus Displacement Response 
“Stick” 
response
“Slip” 
response
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 The "stick-slip" behavior was also observed from the temperature versus 
restrained strain response (Figure 13-26). It was seen from Figure 13-26 that the "stick" 
response slope again changed as a result of the continuity condition change. In addition, 
the amount of temperature change before a "slip" occurred increased with a reduction in 
continuity condition stiffness. However, the slope of the "slip" response went unchanged 
with the modified continuity condition (Figure 13-26). After the "slip" all force was 
released at the boundary so no change in restrained strain occurs regardless of the 
continuity condition stiffness. 
 
Figure 13-26 - Scenario 1 Temperature versus Restrained Strain Response 
13.3.1.7 Scenario Analysis 2 
 The second scenario evaluated the effects of a change in boundary condition 
behavior on the relationship between restrained strain (mechanical strain), unrestrained 
“Stick” 
response
“Slip” 
response
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displacement, and temperature change. The same model as the case studies (Figure 
13-17) was utilized with a nonlinear "stick-slip" boundary condition (Figure 13-18). The 
"slip" force was set equal to 100 kips, but then changed to 1000 kips half way through the 
analysis. Note the slope of the "stick" period was kept the same for the entire analysis. 
The continuity condition was defined as linear with stiffness equal to 1500 k/in. The 
temperature input was also the same as the case studies (Figure 13-19); however it was 
repeated twice to allow for direct comparison between the different boundary condition 
"slip" forces.  
 As previously observed from Case 2 in Section 13.3.1.2, a flat 3D plane results 
from a nonlinear boundary condition with a linear continuity condition. This was also 
observed with the second scenario analysis. A flat 3D plane was produced for the first 
half of the analysis. However, with the large increase in boundary condition "slip" force 
the 3D plane changed to a line (similar to Case 1 in Section 13.3.1.1). This can be 
observed from the 3D surface plots shown in Figure 13-27. Essentially the "slip" force 
was changed so that it was never reached for the specified temperature values causing 
only linear boundary condition behavior. 
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Figure 13-27 - Scenario 2 3D Plot  
 The "stick-slip" behavior was observed from the temperature versus displacement 
response when the "slip" force was equal to 100 kips. However, with the increased "slip" 
force to 1000 kips the threshold was not met during the analysis resulting in a linear 
behavior. Since the stiffness of the "stick" portion of the spring definition was the same 
the slopes remained the same. Figure 13-28 illustrates this behavior.  
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Figure 13-28 - Scenario 2 Temperature versus Displacement Response 
 The "stick-slip" behavior was also observed from the temperature versus 
restrained strain response when the "slip" force was equal to 100 kips (Figure 13-29). 
Again, with the increased "slip" force to 1000 kips the threshold was not met during the 
analysis resulting in a linear behavior. Since the stiffness of the "stick" portion of the 
spring definition was the same the slopes remained the same.  
“Stick” 
response
“Slip” 
response
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Figure 13-29 - Scenario 2 Temperature versus Restrained Strain Response 
 It should be pointed out that the assumption of linear behavior only holds for the 
load levels applied. The above scenario analysis further illustrates this point.  
13.3.2 Boundary and Continuity Condition Study Summary 
 The case study illustrated several general relationships. Table 13-3 summarizes 
the results from each case.  
“Stick” 
response
“Slip” 
response
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Table 13-3 - Case Study Results 
 
 Combining the findings from the case study and the scenario analysis several 
general conclusions can be drawn with regard to the relationship between restrained 
strain, unrestrained displacement, and temperature change. 
1. Linear internal and external mechanisms yield a line in 3D space. 
2. Nonlinear external mechanisms control the location and bounds of the 3D surface. 
3. Nonlinear internal mechanisms control the orientation of the 3D surface. 
13.4 Benchmark Dead Load Study 
 Field measured strain and displacement not only include temperature effects, but 
also the variation in dead load response (that is, the redistribution of dead load 
Linear Linear
k0 = 2000 k/in k0 = 1500 k/in
Nonlinear Linear
Fslip = 100 kips k0 = 1500 k/in
Linear Nonlinear
k0 = 1500 k/in Fslip = 100 kips
Nonlinear Nonlinear
Fslip = 200 kips Fslip = 100 kips
Nonlinear Nonlinear
Fslip = 100 kips Fslip = 200 kips
5 Same as Case 2 
2
3D Plane
(similar to TPB Arch) 
3
Linear Strain-Displ,
Nonlinear Temp-Displ 
& Temp-Strain
4 Same as Case 3 
CASE Exterior Spring Interior Spring 
Strain-Displ-Temp
Relationship 
1 Line
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stresses/actions due to changes in stiffness). This is due to the impact temperature effects 
have on the boundary and continuity stiffness. Temperature effects alter the stiffness of 
these parameters which in turn affects the dead load distribution. 
 A simply supported beam was evaluated with a longitudinal spring support 
subjected to a uniform temperature change and a concentrated dead load. The objective 
was to derive the unrestrained temperature and dead load displacement (TDL) and strain 
that produces stress (SS), each as a function of spring stiffness (kS), uniform temperature 
change (T), modulus of elasticity (E), cross-sectional area (A), length (L), and 
coefficient of thermal expansion (). These relationships illustrate the impact temperature 
effects have on dead load response and vice versa. 
 Note for the dead load study the strain term derived is described as the "strain that 
produces stress" (sometimes referred to as "mechanical strain"). This is due to the fact 
that different strain terms from temperature and dead load response produce stress. The 
restrained strain produces stress from temperature effects. However, the unrestrained 
strain produces stress from dead load effects. In addition, the vibrating wire strain gages 
measure a combination of these strain terms and thus they must both be included in any 
meaningful analysis.  
13.4.1 Unrestrained Displacement 
 To derive the unrestrained displacement from a uniform temperature change and a 
concentrated dead load a statically indeterminate problem results. The solution was 
obtained using superposition, which was first used to separate the analysis of the uniform 
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temperature change and the concentrated dead load (Figure 13-30). The approach was to 
obtain the unrestrained displacement from the uniform temperature change (U) and the 
unrestrained displacement form the concentrated dead load (DL). Then, these terms were 
simply combined to produce the unrestrained displacement (TDL). Note the unrestrained 
displacement due to uniform temperature change was illustrated in Section 13.1 and is 
expressed in Eq. 13-3. 
 
Figure 13-30 - Simply Supported Beam with Longitudinal Spring Subjected to 
Uniform Temperature Change and a Concentrated Dead Load 
 
Figure 13-31 - (a) Total Deformation due to Dead Load without Spring Support (b) 
Restrained Deformation due to Spring Force (shown in the negative direction) 
PDL
kS
L
T
kST
PDL
kS
Superposition 
to Solve
TDL
DL
UDL RDL
(a)
(b)
PDL
FSDL
359 
 
 To obtain the unrestrained displacement due to the concentrated dead load, 
superposition was again used. The spring was removed and then applied as the redundant 
reaction (FSDL). The unrestrained displacement was simply the difference between the 
total dead load displacement (DL) and the restrained displacement (RDL). This is shown 
graphically in Figure 13-31 and the result is provided in Eq. 13-6. 
 
ߜ௎஽௅ ൌ ஽ܲ௅ܮܣܧ െ
ܨௌ஽௅ܮ
ܣܧ  Eq. 13-6 
 
 The temperature and dead load unrestrained displacement (TDL) was obtained by 
combining Eq. 13-3 and Eq. 13-6 to produce Eq. 13-7. 
 
ߜ்஽௅ ൌ ߙሺ∆ܶሻܮ ൅ ஽ܲ௅ܮܣܧ െ ሺܨௌ் ൅ ܨௌ஽௅ሻ
ܮ
ܣܧ Eq. 13-7 
 
  
 
ܨௌ ൌ ܨௌ் ൅ ܨௌ஽௅ ൌ ݇ௌߜ்஽௅ Eq. 13-8 
 
 The total redundant spring force (FS) was obtained by combining the spring forces 
from the uniform temperature and concentrated dead load cases. This was equal to the 
product of the linear spring stiffness (kS) and the unrestrained displacement (TDL) as 
expressed in Eq. 13-8. Combining Eq. 13-7 and Eq. 13-8 produced the final expression 
for unrestrained displacement (Eq. 13-9). 
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ߜ்஽௅ ൌ
ߙሺ∆ܶሻܮ ൅ ஽ܲ௅ܮܣܧ
1 ൅ ݇ௌܮܣܧ
 Eq. 13-9 
  
13.4.2 Strain that Produces Stress 
 To derive the strain that produces stress (mechanical strain) from a uniform 
temperature change and concentrated dead load a similar approach to Section 13.4.1 was 
utilized. Superposition was used to separate the analysis as illustrated in Figure 13-30. 
The restrained strain from the uniform temperature change (R) and the unrestrained 
strain from the concentrated dead load (UDL) were combined to express the strain that 
produces stress (SS) (Eq. 13-10). Note the restrained temperature strain is negative for 
the convention used. 
 
ߝௌௌ ൌ െߝோ ൅ ߝ௎஽௅ Eq. 13-10 
 
 The restrained strain from a uniform temperature change was expressed as the 
unrestrained strain (U) subtracted from the total temperature strain (T) (Eq. 13-11). 
These strain terms are associated with the displacements graphically shown in Figure 
13-3.  
 
ߝோ ൌ ߝ் െ ߝ௎ Eq. 13-11 
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 The unrestrained strain from the concentrated dead load was expressed as the 
unrestrained strain (U) subtracted from the combined temperature and dead load 
unrestrained strain (TDL) (Eq. 13-12). This relationship was identified in Section 13.4.1. 
Therefore, substituting Eq. 13-11 and Eq. 13-12 into Eq. 13-10 yields a modified 
equation for the strain that produces stress (Eq. 13-13).  
 
ߝ௎஽௅ ൌ ߝ்஽௅ െ ߝ௎ Eq. 13-12 
 
  
 
ߝௌௌ ൌ ߝ்஽௅ െ ߝ் Eq. 13-13 
 
 To obtain the combined temperature and dead load unrestrained strain Eq. 13-9 
was simply divided by the beam length (Eq. 13-14).  
 
ߝ்஽௅ ൌ
ߙሺ∆ܶሻ ൅ ஽ܲ௅ܣܧ
1 ൅ ݇ௌܮܣܧ
 Eq. 13-14 
 
 Substituting Eq. 13-14 and Eq. 3-8 into Eq. 13-13, the final expression for strain 
that produces stress (mechanical strain) was obtained (Eq. 13-15). Note to obtain stress 
simply multiply Eq. 13-15 by the modulus of elasticity. 
 
ߝௌௌ ൌ
ߙሺ∆ܶሻ ൅ ஽ܲ௅ܣܧ
1 ൅ ݇ௌܮܣܧ
െ ߙሺ∆ܶሻ Eq. 13-15 
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13.4.3 Dead Load Study Summary 
 It can be observed from Eq. 13-9 and Eq. 13-15 that the temperature and dead 
load unrestrained displacements and stress are coupled through the support stiffness. This 
is important because if the stiffness of the support (boundary condition) is affected it will 
impact both the temperature and dead load responses. Given this coupling, it follows that 
dead load variation should be included for evaluation of results from TBSHM. 
13.5 Sensitivity Study of the TPB Arch Span 
 A numerical sensitivity study was conducted for the TPB arch span. The goal was 
to evaluate the measured strain, displacement, and temperature relationship for a complex 
structural system. As mentioned earlier, this relationship when plotted in 3D space 
illustrates a near flat 3D surface for the measured TPB field data. Therefore, this 
sensitivity study numerically illustrated the influence specific parameters have on the 3D 
planes.  
 The approach of the study was to first identify the 3D planes for select locations 
under "normal" conditions. This was referred to as baseline behavior. The TBSI 
calibrated FE model was used for the study (Chapter 10) and analyzed under the 
temperature distribution shown in Figure 13-32. This temperature input was generated by 
the author to approximate typical daily and seasonal temperature variation. Figure 13-33 
illustrates the select locations along the arch span used for the study. 
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Figure 13-32 - Temperature Input for the TPB Case Study 
 
Figure 13-33 - Case Study Selected Strain Locations 
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 The next part of the study was to reanalyze the FE model with modified 
parameters. Then the 3D planes were compared to better understand their sensitivity. 
Three parameters were chosen for modification due to their realistic potential occurrence. 
The parameters are listed below. 
1. West End Bearing Failure (increased boundary condition stiffness) 
2. East End Slotted Connection Failure (increased continuity condition stiffness) 
3. Lower Chord Splice Failure (reduced continuity condition stiffness) 
13.5.1 Baseline Behavior 
 The baseline 3D planes were generated using the calibrated FE model. Nonlinear 
analyses were performed using the temperature distribution shown in Figure 13-32. In 
addition, the dead load variation was included. Therefore, the microstrain illustrated in 
this study was as a result of the restrained strain from the temperature variation combined 
with any change in dead load strain. Figure 13-34 to Figure 13-38 illustrate the 3D planes 
for the 5 selected locations.  
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Figure 13-34 - West End L0L1 Baseline 3D Plot 
 
Figure 13-35 - West End U2U3 Baseline 3D Plot 
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Figure 13-36 - West End L2L3 Baseline 3D Plot 
 
Figure 13-37 - East End U1U2 Baseline 3D Plot 
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Figure 13-38 - East End L1M2 Baseline 3D Plot 
 The 3D planes were also plotted together and shown below in Figure 13-39. It 
was clear that the 3D planes have distinct bounds and orientation for each location. 
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Figure 13-39 - Baseline 3D Planes 
13.5.2 West End Bearing Failure 
 The first case evaluated was potential bearing failure at the west end of the 
structure. This was considered a feasible scenario due to the fact that the existing 
documentation indicates the original bearings failed causing the installation of the new 
bearings. The approach for simulating the failed west end bearings was to increase the 
"slip" force under the boundary condition definitions. The "slip" forces were increased 
five times the current value. Note the elastic "stick" stiffness also increases five times.  
 The results clearly indicate the 3D planes were sensitive to the modified boundary 
conditions. The interesting observation was that the bounds of each plane were 
significantly affected, but the orientations of the planes were not. This was consistent 
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with the prior benchmark studies. Figure 13-40 to Figure 13-44 illustrate the 3D plane 
results. 
 
Figure 13-40 - West End L0L1 3D Plot 
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Figure 13-41 - West End U2U3 3D Plot 
 
Figure 13-42 - West End L2L3 3D Plot 
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Figure 13-43 - East End U1U2 3D Plot 
 
Figure 13-44 - East End L1M2 3D Plot 
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13.5.3 East End Slotted Connection Failure 
 The second case evaluated was slotted connection failure at the east end of the 
structure (Figure 7-10 to Figure 7-12). This was considered a feasible scenario due to the 
steel-on-steel movable connection. These types of connections can breakdown over time 
if not properly maintained. The existing documentation indicates the slotted connections 
were refurbished at the same time the bearings were replaced in 2001. This was 
corroborated with the TBSI FE model calibration which concluded 0% axial stiffness in 
the members. The approach for simulating the failed continuity condition was to remove 
the axial release so the member stiffness controlled (100% axial stiffness).  
 The results again showed all locations were sensitive to the failed connections. 
The west end members illustrated modified bounds of the 3D planes. The orientations of 
these planes were essentially the same (Figure 13-45 to Figure 13-47). However, the east 
end members show significant change to the bounds and orientation (Figure 13-48 and 
Figure 13-49). This again was consistent with the benchmark studies.  
 It should be mentioned that the logical approach to identify the east end slotted 
connection breakdown would be to instrument the member (L0L1) directly. In the actual 
field instrumentation this was the case. However, for the case study it was desired to 
select members away from the modified parameters to identify how far the influence 
reaches different members. 
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Figure 13-45 - West End L0L1 3D Plot 
 
Figure 13-46 - West End U2U3 3D Plot 
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Figure 13-47 - West End L2L3 3D Plot 
 
Figure 13-48 - East End U1U2 3D Plot 
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Figure 13-49 - East End L1M2 3D Plot 
13.5.4 Lower Chord Splice Failure 
 The last case evaluated was failure to the lower chord field splice at the west end 
L4L5 location (downstream side). This was considered a feasible scenario for several 
reasons. The lower chord could change stiffness due to ship impact, fracture, etc. There 
was a documented ship impact of the lower chord that required an emergency repair and 
shut the bridge down temporarily in 1988. The approach for this study was not to 
evaluate any of these specific scenarios but rather identify the influence of the 3D planes 
as a result of lower chord stiffness change. The west end L4L5 downstream member was 
fully released to simulate the change in stiffness. 
 The results again showed all locations were sensitive to the modified parameter. 
The bounds of each plane were again affected for all locations. The orientations of the 
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planes were affected, but only to a small degree. Figure 13-50 to Figure 13-54 illustrate 
the 3D plane results. This indicates significant stiffness of the intermediate supports 
(floorbeams, hangers, and diagonal bracing). As illustrated in Section 13.2, the greater 
the intermediate support stiffness the less sensitive the 3D plane behavior. Therefore, it 
would be optimal for a long-term monitoring system to include instrumentation of 
multiple locations along the lower chord.  
 
Figure 13-50 - West End L0L1 3D Plot 
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Figure 13-51 - West End U2U3 3D Plot 
 
Figure 13-52 - West End L2L3 3D Plot 
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Figure 13-53 - East End U1U2 3D Plot 
 
Figure 13-54 - East End L1M2 3D Plot 
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13.5.5 TPB Arch Span Sensitivity Study Summary 
 The 3D plane behavior was evaluated at various locations along the TPB arch 
span. Baseline behavior was identified and unique bounds and orientation (angle) were 
observed for each location. The largest sensitivity changes to the bounds of the 3D planes 
were as a result of the boundary condition variations (west end bearings). This was 
consistent with the prior benchmark studies. Significant modifications to the orientation 
of the 3D planes were observed through continuity condition variations (east end slotted 
connection). This was also consistent with the earlier benchmark studies.  
 Overall the sensitivity study showed promising results for TBSHM. As a result, 
this method was implemented on the TPB arch span. General details are discussed in the 
following section.  
13.6 SHM System Development for the TPB Arch Span 
 A TBSHM component was implemented in the TPB arch span SHM system. 
Upon completion of the above benchmark problems and additional studies a much clearer 
picture was developed for using the strain, displacement, and temperature relationship in 
a SHM system. The 3D planes generated from this relationship have a unique signature, 
which is ideal for characterizing baseline response. The prior studies also illustrated the 
sensitivity of these 3D planes for various modifications of the structure along with the 
manner in which the planes behave. In addition, they allow for clear data visualization 
and rapid interpretation. 
 An automated SHM system was developed to analyze the TPB arch span data and 
report any significant modifications for further evaluation. The 3D plane approach was 
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utilized. The algorithm developed for the TBSHM component along with a detailed 
breakdown are provided below. 
13.6.1 Algorithm Logic 
 A six step algorithm was developed for the basic TBSHM system component. 
Each of the steps is listed below. The code for this logic was developed and executed one 
time per day. Note further description for each step is provided in the following section. 
1. Download data. 
2. Extract evening only data and average per cross-section. 
3. Create best-fit 3D planes. 
4. Calculate error terms. 
5. Set error thresholds. 
6. Perform checks. 
13.6.2 Algorithm Breakdown 
13.6.2.1 Download Data 
 Every evening the most recent data was downloaded automatically using a 
cellular modem. Upon the execution of the SHM system the latest data was appended to 
the existing data set. Note if connectivity was lost and the data was not downloaded a 
trigger was activated sending an automatic email. 
13.6.2.2 Extract Evening Only Data and Average 
 The evening only data was filtered from the entire data set. This was performed to 
reduce any uncertainty associated with radiation effects on data quality. The duration 
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selected for the TPB arch span was from 3:00AM to 5:00AM. Then, the data was 
averaged over each cross-section. The purpose was to obtain the axial components only.  
13.6.2.3 Create Best-Fit 3D Planes 
 Best-fit 3D planes were generated for the existing and the new data separately. 
Built-in functions in matlab were utilized to identify the best-fit plane orientations. 
13.6.2.4 Calculate Error Terms 
 Two types of error terms were generated. The first was perpendicular distances to 
the 3D best-fit planes (Figure 13-55). This included those for the existing data set and the 
new data set. These were used to identify orientation changes of the 3D planes.  
 
Figure 13-55 - Error Term Perpendicular to the Best-Fit 3D Planes 
Best Fit 3D Plane
Error Term
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  The second type of error terms were the maximum and minimum strain and 
displacement values, per location. These terms were used to ensure the bounds of the 
planes did not change. Note additional hard fixed thresholds were also applied to guard 
against gradual change going undetected. 
13.6.2.5 Set Error Thresholds 
 The first series of error thresholds were to establish the limit of perpendicular 
distance of new data points to the best-fit existing 3D planes. The recommended limit is 
to use the mean value of the existing error terms plus two standard deviations. This is 
performed separately per location. 
 The second series of error thresholds were to identify bound changes of the 3D 
planes. The recommended limit is 110% of the maximum and minimum strain and 
displacement values. The hard fixed bounds mentioned in the prior step were set based on 
observation of typical daily and seasonal behavior. 
13.6.2.6 Perform Checks 
 The final step was to check each location for the above thresholds. If a threshold 
was exceeded, then an automated email was sent with summary data and data plots. This 
included 2D time history and temperature versus displacement plots. In addition, the best-
fit 3D planes were plotted with the previous day's data points. Figure 13-56 illustrate a 
typical 3D plot. These plots allowed for easy and rapid data interpretation. 
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Figure 13-56 - Sample 3D Best-Fit Plane Plotted with Recent Data Points 
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Chapter 14: TBSHM versus Ambient Vibration SHM 
 The aim of this chapter is to compare and contrast a temperature-based structural 
health monitoring (TBSHM) approach with that of ambient vibration structural health 
monitoring (AVSHM). Structural health monitoring is the practice of identifying and 
tracking performance of a structure by measured data (static or dynamic). These 
measurements must be sufficiently sensitive to various changes in the structure thus 
allowing for proper identification of performance issues. As a result, the TBSHM and 
AVSHM methods were evaluated for a variety of scenarios to investigate their levels of 
sensitivity. A discussion of the scenario findings along with the overall conclusions are 
provided below. 
14.1 Numerical Study 
14.1.1 TBSHM Approach 
 A numerical evaluation of the TBSHM method was performed. Two primary 
performance metrics were utilized to evaluate the method. The first was simply to use the 
overall magnitude change in strains and displacements. The second metric utilized the 
perpendicular distance between the post-event measured data and the 3D best-fit plane as 
a result of the strain-displacement-temperature relationship (Section 13.6.2.4). Each of 
these metrics was evaluated for the four scenarios investigated. 
 The numerical approach of the TBSHM scenario analysis was to first identify the 
"normal" conditions, which is referred to as the baseline behavior. The TBSI calibrated 
FE model was used for the study (Chapter 10) and analyzed under the temperature 
distribution shown in Figure 13-32. This temperature input was generated by the author 
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to approximate typical daily and seasonal temperature variation. Figure 14-2 illustrates 
the select locations along the arch span used for the study. 
 
Figure 14-1 - Temperature Input for the TBSHM Investigation 
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Figure 14-2 - Selected Locations for TBSHM Investigation 
 The next part of the study was to reanalyze the FE model with modified 
parameters. Then the performance metrics were calculated to identify their sensitivity. 
Four scenarios (parameters) were chosen for modification due to their realistic potential 
occurrence. These scenarios are listed below. 
4. West End Bearing Failure (increased boundary condition stiffness) 
5. East End Slotted Connection Failure (increased continuity condition stiffness) 
6. Lower Chord Splice Failure (reduced continuity condition stiffness) 
7. Additional Mass (increased unit weight of steel and concrete) 
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14.1.2 AVSHM Approach 
 A numerical evaluation of the AVSHM method was also performed. Two primary 
performance metrics were utilized to evaluate the method. The first was simply to use the 
change in natural frequencies of the structure. The second metric utilized the MAC 
(modal assurance criterion) values. Each of these metrics was evaluated for the four 
scenarios investigated. 
 Similar to the TBSHM method, the numerical approach of the AVSHM scenario 
analysis was to first identify the "normal" conditions, which is referred to as the baseline 
behavior. The AVSI calibrated FE model was used for the study (Chapter 11). The next 
step was to reanalyze the FE model with modified parameters (same as those discussed in 
Section 14.1.1). Then the performance metrics were calculated to identify their 
sensitivity. The results for each scenario are presented below. 
14.2 West End Bearing Failure Scenario 
 The first scenario was bearing failure at the west end of the structure. This was 
considered a feasible scenario due to the fact that the existing documentation indicates 
the original bearings failed causing the installation of the new bearings. The approach for 
simulating the failed west end bearings was to increase the "slip" force under the 
boundary condition definitions. The "slip" force was increased five times the current 
value, which also increased the "stick" stiffness five times. Note the ambient vibration 
model utilizes a linear stiffness so only the elastic stiffness was modified. 
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14.2.1 TBSHM Results 
 The strain and displacement changes as a result of the west end bearing failure 
(stiffening) are clearly illustrated in Table 14-1. The range of strain at most locations 
experienced more than a hundred percent increase. In addition, the displacement response 
reduced by 31%. These results clearly indicated a high level of sensitivity to the 
parameter.   
Table 14-1 - Strain and Displacement Ranges for the West End Bearing Failure 
 
 The strain and displacement variation from the west end bearing failure can also 
be shown graphically through the strain-displacement-temperature relationship. As 
discussed earlier a 3D plane results from this relationship. Figure 13-40 illustrates a 
% Change
Min Max Min Max |Max - Min|
Displ. -3.96 0.00 -2.7 0.0 -31%
L0L1 -28 127 -296 410 356%
L2L3 -23 36 -108 127 299%
U2U3 -27 6 -91 67 375%
L1M2 -4 3 -14 12 295%
U1U2 -5 0 -9 6 185%
L0L1 0 0 0 0 0%
* Note member min/max values in units of microstrain and displ's in units of inches.
Baseline West End Bearing Failure
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typical plot of the west end middle chord member L0L1. As previously identified under 
Section 13.5.2, the bounds of the plane are much more sensitive under this scenario 
compared to the orientation of the plane. Table 14-2 provides the maximum 
perpendicular distance between the bearing failure data and the baseline response (error 
terms). Negligible orientation change can be observed for this scenario. 
 
Figure 14-3 - West End L0L1 3D Plot 
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Table 14-2 - Maximum Perpendicular Distance between the Post-Event Data and 
the 3D Best-Fit Plane (Error Terms) 
 
14.2.2 AVSHM Results 
 The frequency variation as a result of the west end bearing failure (stiffening) is 
illustrated in Table 14-3. The change in frequency for the first eight modes was minimal 
with a maximum of 6% change. The MAC values also showed negligible variation due to 
the west end bearing failure (Table 14-4). These results clearly indicated a low level of 
sensitivity to the parameter.   
West Bearing East Conn. Lower Chord Mass
L0L1 0.007 0.041 0.083 0.001
L2L3 0.003 0.050 0.258 0.000
U2U3 0.003 0.032 0.051 0.000
L1M2 0.008 1.871 0.091 0.001
U1U2 0.014 2.001 0.243 0.004
L0L1 0.008 Infinite 0.004 0.003
Max "Error"
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Table 14-3 - Frequencies for the West End Bearing Failure 
 
1 0.72 0.75 4%
2 1.21 1.21 0%
3 1.26 1.26 0%
4 1.51 1.54 2%
5 1.73 1.82 5%
6 2.28 2.28 0%
7 2.54 2.69 6%
8 2.56 2.56 0%
West End Bearing 
Failure Case
Freq (Hz)
% Change
Baseline
Freq (Hz)
M
od
es
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Table 14-4 - MAC Values for the Four Scenarios 
 
14.3 East End Slotted Connection Failure Scenario 
 The second scenario evaluated was the slotted connection failure at the east end of 
the structure (Figure 7-10 to Figure 7-12). This was considered a feasible scenario due to 
the steel-on-steel movable connection. These types of connections can breakdown over 
time if not properly maintained. The approach for simulating the failed continuity 
condition was to remove the axial release so the member stiffness controlled (100% axial 
stiffness). 
14.3.1 TBSHM Results 
  The strain and displacement changes as a result of the east end connection failure 
are illustrated in Table 14-5. The range of strain observed at the east end members was 
West Bearing East Conn. Lower Chord Mass
1 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00
3 1.00 1.00 1.00 1.00
4 1.00 1.00 0.99 1.00
5 0.98 1.00 0.99 1.00
6 1.00 1.00 0.99 1.00
7 0.94 1.00 0.98 1.00
8 0.99 1.00 1.00 1.00
MAC Values
M
od
es
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much more substantial than those observed in the west end members. The displacement 
response had a negligible impact with only a 3% variation. These results indicated a high 
level of sensitivity to the parameter at select locations only. 
 Again, graphical display of the strain-displacement-temperature relationship was 
used to visualize the sensitivity of the parameter change. Figure 13-48 illustrates a plot 
from the east end upper chord member U1U2. The bounds of the 3D planes varied 
depending on the location of the member selected. As indicated above, the members 
along the east end were affected more significantly. The orientation of the plane is also 
greater affected for select locations (Table 14-2). 
Table 14-5 - Strain and Displacement Ranges for the East End Connection Failure 
 
% Change
Min Max Min Max |Max - Min|
Displ. -3.96 0.00 -4.1 0.0 3%
L0L1 -28 127 0 162 4%
L2L3 -23 36 -13 47 2%
U2U3 -27 6 -34 0 1%
L1M2 -4 3 0 22 231%
U1U2 -5 0 -23 0 334%
L0L1 0 0 0 84 Infinite
* Note member min/max values in units of microstrain and displ's in units of inches.
Baseline East End Conn. Failure
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Figure 14-4 - East End U1U2 3D Plot 
14.3.2 AVSHM Results 
 The frequency variation as a result of the east end connection failure is illustrated 
in Table 14-6. The change in frequency for the first eight modes was negligible with a 
maximum of 1% change. The MAC values also showed negligible variation due to the 
east end connection failure (Table 14-4). These results clearly indicated a low level of 
sensitivity to the parameter.   
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Table 14-6 - Frequencies for the East End Bearing Failure 
 
14.4 Lower Chord Splice Failure Scenario 
 The third scenario evaluated was failure to the lower chord field splice at the west 
end L4L5 location (downstream side). This was considered a feasible scenario for several 
reasons. The lower chord could change stiffness due to ship impact, fracture, etc. There 
was a documented ship impact of the lower chord that required an emergency repair and 
shut the bridge down temporarily in 1988. The approach for this study was not to 
evaluate any of these specific scenarios but rather identify the influence of the TBSHM 
and AVSHM methods as a result of lower chord stiffness change. The west end L4L5 
downstream member was fully released to simulate the change in stiffness. 
1 0.72 0.72 1%
2 1.21 1.21 0%
3 1.26 1.27 1%
4 1.51 1.52 0%
5 1.73 1.73 0%
6 2.28 2.28 0%
7 2.54 2.55 0%
8 2.56 2.56 0%
Baseline
Freq (Hz)
East End Conn. 
Failure Case
Freq (Hz)
% Change
M
od
es
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14.4.1 TBSHM Results 
 The strain and displacement changes as a result of the lower chord failure are 
illustrated in Table 14-7. The range of strain variation was small to moderate at most 
locations. As expected, the west end lower chord member (L2L3) experienced the largest 
variation in strain (-40%). The displacement response had a negligible impact with only a 
2% change. These results indicated a low to moderate level of sensitivity to the parameter 
at select locations only. 
 Again, graphical display of the strain-displacement-temperature relationship was 
used to visualize the sensitivity of the parameter. The bounds of the 3D planes varied 
depending on the location of the member selected. The orientation of the plane is a 
sensitive to the parameter change, however only for select locations (Table 14-2). 
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Table 14-7 - Strain and Displacement Ranges for the Lower Chord Failure 
 
14.4.2 AVSHM Results 
 The frequency variation as a result of the lower chord failure is illustrated in 
Table 14-8. The change in frequency for the first eight modes was negligible with a 
maximum of 2% change. The MAC values also showed negligible variation due to the 
lower chord failure (Table 14-4). These results clearly indicated a low level of sensitivity 
to the parameter.   
% Change
Min Max Min Max |Max - Min|
Displ. -3.96 0.00 -4.0 0.0 2%
L0L1 -28 127 0 153 -1%
L2L3 -23 36 -8 27 -40%
U2U3 -27 6 -33 1 3%
L1M2 -4 3 -7 2 34%
U1U2 -5 0 -7 0 29%
L0L1 0 0 0 0 0%
* Note member min/max values in units of microstrain and displ's in units of inches.
Baseline Lower Chord Failure
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Table 14-8 - Frequencies for the Lower Chord Failure 
 
14.5 Additional Mass Scenario 
 The last scenario evaluated additional mass accumulation along the structure. This 
could be as a result of gradual modifications to the structure through rehabilitation 
projects, additional utilities, etc. Another possibility is rapid mass added to the structure 
during a construction project. The scenario was investigated with a general approach 
through increasing the mass of the entire structure uniformly. A 10% unit weight increase 
was applied to the FE model.  
14.5.1 TBSHM Results 
 The strain and displacement changes as a result of the additional mass are 
illustrated in Table 14-9. The variation of strains and displacements were negligible. In 
1 0.72 0.71 -2%
2 1.21 1.21 0%
3 1.26 1.26 0%
4 1.51 1.50 -1%
5 1.73 1.72 -1%
6 2.28 2.24 -1%
7 2.54 2.53 0%
8 2.56 2.56 0%
M
od
es
Baseline
Freq (Hz)
Lower Chord 
Failure Case
Freq (Hz)
% Change
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addition, the bounds and orientation of the 3D planes were only slightly effected (Table 
14-2). These results clearly indicated a low level of sensitivity to the parameter.   
Table 14-9 - Strain and Displacement Ranges for the Additional Mass 
 
14.5.2 AVSHM Results 
 The frequency variation as a result of the lower chord failure is illustrated in 
Table 14-10. The change in frequency for the first eight modes was a constant reduction 
of 4%. The MAC values showed negligible variation due to the additional mass (Table 
14-4). These results indicated a low, but consistent, level of sensitivity to the parameter.  
% Change
Min Max Min Max |Max - Min|
Displ. -3.96 0.00 -4.1 0.0 3%
L0L1 -28 127 0 157 2%
L2L3 -23 36 -13 45 0%
U2U3 -27 6 -34 0 1%
L1M2 -4 3 -5 2 0%
U1U2 -5 0 -6 0 6%
L0L1 0 0 0 0 0%
* Note member min/max values in units of microstrain and displ's in units of inches.
Baseline Additional Mass
W
es
t E
nd
E
as
t E
nd
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Table 14-10 - Frequencies for the Additional Mass 
 
14.6 Conclusions 
 Overall, it was observed that TBSHM is much more sensitive to parameter 
variation compared to AVSHM. The advantage of TBSHM is that local (strains) and 
global (displacement) measurements are obtained. However, the AVSHM performance 
measures (frequencies and MAC values) are greatly smeared and difficult to identify 
localized effects. In addition, TBSHM offers clear visual interpretation criteria through 
the 3D surface plots from the strain-displacement-temperature relationship. As a result, 
long-term structural health monitoring shows greater promise through TBSHM of long-
span bridges. 
  
1 0.72 0.69 -4%
2 1.21 1.16 -4%
3 1.26 1.21 -4%
4 1.51 1.45 -4%
5 1.73 1.66 -4%
6 2.28 2.18 -4%
7 2.54 2.43 -4%
8 2.56 2.46 -4%
M
od
es
Baseline
Freq (Hz)
Additional Mass 
Case 
Freq (Hz)
% Change
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Chapter 15: PTBA 
 The third temperature-based method for evaluating long-span bridges is PTBA 
(Periodic Temperature-Based Assessment). The manner in which a long-span bridge 
responds to temperature variation can have a substantial effect on the long-term 
durability. It can also provide indicators as to how the structure performs under other 
loading scenarios. Each structure includes unique mechanisms critical for the 
performance of the bridge. Breakdown of these mechanisms can have a domino effect 
resulting in rapidly increasing rehabilitation costs.  
 Currently movement mechanisms are evaluated through visual inspection with a 
frequency of one to two years. These time-dependent mechanisms cannot be accurately 
evaluated in such a manner. Therefore, PTBA aims to supplement visual inspection and 
better characterize elements such as bearings, expansion joints, etc. 
 PTBA differs from TBSI in that it is a model free approach to long-span bridge 
assessment. Specific performance indices are evaluated providing direct feedback with 
regard to structural performance. PTBA also differs from TBSHM because it is a baseline 
free approach that does not track performance indefinitely.  
 As part of this thesis several guidelines were developed for the use of PTBA in 
evaluating the long-term performance of a structure. These guidelines are broken down 
into separate categories and discussed in detail below. Note the guidelines are meant to 
supplement and not replace current practice of visual inspection. 
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15.1 Boundary and Continuity Condition Evaluation 
 One of the most valuable benefits of PTBA is the ability to evaluate various 
boundary and continuity conditions. The most common are bridge bearings. Bearings of 
long-span bridges can be substantial in size and transfer, or prevent the transfer of, 
substantial loads. It is well understood in the bridge industry that bearings have a service 
life less than the structure and will be replace prior to the bridge. 
 An excellent example for the importance of properly functioning bearings was the 
situation observed on the TPB. The original "expansion" bearings on the west end of the 
arch span stopped functioning due to deterioration. The inability of the arch span to 
expand and contract resulted in damage to the piers on the "fixed" side of the arch (east 
end). Figure 15-1 illustrates cracking and degradation of the pier as a result of the 
unintended forces transferred to this location. As a result, in 2001, TPB underwent a 
multi-million dollar bearing replacement to minimize the damage and allow the structure 
to perform adequately under temperature variations. 
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Figure 15-1 - East End Pier Cracking due to Frozen Bearings 
 Expansion joints are commonly used for floor system continuity. Expansion joints 
are another bridge element that is not expected to last the life of the structure. These 
joints must be sized correctly for the expected movement and then installed with the 
proper opening to function adequately. Recently, Cao, Yim et al. (2011) identified a 
jammed expansion joint through temperature-based responses measured along a cable-
stayed bridge in China. Not only can a jammed joint damage the joint itself, but can 
transfer sizable forces to other unintended components. 
15.1.1 Instrumentation Guidelines 
 PTBA can be used for early detection of situations like those presented above. 
The first step in evaluating a boundary or continuity condition is to design an 
instrumentation plan that can accurately measure the translation and/or rotation. As 
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discussed in Chapter 4, sensors which utilize vibrating wire technology are recommended 
for PTBA applications.  
 Measurement of global movement along with local response is recommended. 
Typically the global measurements are displacement or tilt and the local measurements 
are strain. In addition, global ambient temperature should be recorded along with local 
temperature measurements of the instrumented members.  
15.1.2 Numerical Evaluation 
 Quantitative measures can be applied to assess the current performance of a 
particular boundary or continuity condition. After sufficient data is recorded these 
measurements can be compared to their theoretical values (Section 3.2). It is 
recommended to express the performance as a percentage of the optimum value. An 
example of the performance evaluation of the TPB arch span bearings is provided below. 
 Expansion bearing optimum performance can be calculated from Eq. 3-7. This 
equation can be applied to linear or nonlinear bearing systems. For the TPB arch span 
nonlinear friction based bearings are present. Therefore, regression analysis was 
performed. Note it is recommended to obtain at least 6 months of recorded data before 
performing this type of approach. 
 The linear regression was performed with more than a year's worth of data to 
obtain the temperature versus displacement relationship. Figure 15-2 and Figure 15-3 
illustrate the raw data along with the best fit line and equation for the upstream and 
downstream bearings, respectively. Notice the equations of the best fit lines are 
essentially the same. This comes as no surprise since the bearings were replaced together 
in 2001. 
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Figure 15-2 - Upstream Temperature versus Displacement Plot and Linear 
Regression 
 
Figure 15-3 - Downstream Temperature versus Displacement Plot and Linear 
Regression 
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 It is recommended to use the slope of the trend line as a means for comparison 
with the optimum value. Eq. 3-7 can be modified as shown below in Eq. 3-7. As 
mentioned in Section 9.2, the coefficient of thermal expansion () was experimentally 
determined to be 6.4 x 10-6 /○F. The length of the arch span (L) is 537.25 ft. As a result 
the optimum value for the TPB arch span is equal to 0.041 in/○F. The measured values, as 
indicated in Figure 15-2 and Figure 15-3 were the same. Therefore the performance of 
the bearings was reported as 100%. 
 
݈ܵ݋݌݁ ൌ ߜ்∆ܶ ൌ ߙܮ Eq. 16 
 
 Similar quantitative performance measures can be conducted for other types of 
boundary and continuity conditions. This includes expansion joints, slotted connections, 
and so on. 
15.2 Global Evaluation 
 A recommended global evaluation approach is to check recovery of the bridge. If 
the structure continually returns to a common state of equilibrium, this is a good indicator 
the structure is performing properly. Conversely, if the data continually drifts it may be a 
sign of a potential problem with the bridge that is progressively worsening. If this were 
the case, an in-detail evaluation must be performed to fully understand the situation. 
 This type of assessment can be performed qualitatively or quantitatively. Figure 
9-35 illustrates a year and a half the bearing movement data (displacement and 
temperature). It is clearly observed that the structure is globally returning to a regular 
position. 
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Figure 15-4 - Average Seasonal Displacement Time History Plots 
15.3 Member, Connection, and Substructure Evaluation 
 Structural members, connections, and substructure units can become overstressed 
as a result of mechanism breakdown or other alterations of the bridge. Typically for a 
structure with properly functioning boundary and continuity conditions overstress from 
temperature-induced forces is uncommon. Therefore, it is recommended to conduct this 
evaluation after those described in the previous sections. If a boundary or continuity 
condition performance is of a low percentage or the recovery of various measurements is 
insufficient, then further evaluation is recommended. Additional forces that were 
intended to be released are now being distributed to the structural system. It should be 
mentioned that temperature induced forces do not typically overstress components alone. 
Therefore, this analysis must be conducted with the other demands applied to the 
structure.  
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 Thornton Tomasetti concluded in their investigation of the I-35 bridge collapse 
that breakdown of the bearings prevented thermal expansion and caused the overstress of 
the truss lower chord (Cho et al. 2009). While this conclusion was controversial as to the 
contribution the frozen bearings had compared to other issues with the structure it still 
illustrates the importance of proactively assessing boundary condition performance of a 
bridge. 
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Chapter 16: Conclusions 
16.1 Summary 
 This thesis aimed to develop and evaluate temperature-based methods for long-
span bridge evaluation. This included Temperature-Based Structural Identification 
(TBSI), Temperature-Based Structural Health Monitoring (TBSHM), and Periodic 
Temperature-Based Assessment (PTBA). The underlying concept was to utilize 
temperature as the forcing function to obtain the full input-output relationship of external 
excitation and structural response. The motivation for this work was to both develop 
quantitative assessment methods that may be implemented in practice and advance our 
understanding of constructed long-span bridge behavior. 
 The research was guided by the following three principal research objectives: 
4. Develop and evaluate TBSI, TBSHM, and PTBA methods through simulation 
models, laboratory experiments, and field testing of a long-span bridge. 
5. Compare and contrast TBSI, TBSHM, and PTBA with alternative approaches 
used in current practice. 
6. Establish guidelines and recommendations related to the use of TBSI, TBSHM, 
and PTBA for assessment of common long-span bridge vulnerabilities. 
 To achieve these objectives a scope was developed that made use of multiple 
numerical, laboratory, and field studies. Significant background research was conducted 
that included a literature review (Chapter 2), theoretical investigation (Chapter 3), and 
sensing technology / simulation modeling evaluation (Chapter 4). This was followed by 
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laboratory experimentation using single element (Chapter 5) and multiple element 
(Chapter 6) specimens. 
 
Figure 16-1 - Thesis Framework for Chapters 7-15 
 Due to the inability to recreate the uncertainties and mechanisms associated with 
an operating long-span bridge within a laboratory or numerical setting, the second phase 
of the research was conducted in the field, on the Tacony-Palmyra Bridge (TPB) steel 
tied arch span (Figure 16-1). An initial conceptualization of the bridge was conducted 
Observation & 
Conceptualization
A-Priori Modeling
Experiment
(Measurement of Local, Global, and 
Temperature Response)
Processing & Interpretation 
of Data
Vibration-Based Model 
UpdatingTemperature-Based St-Id
Chapter 11
Chapter 9
Chapter 8
Chapter 7
Vibration-Based SHMTemperature-Based SHM
Chapter 13
Visual
Assessment
Periodic Temperature-Based 
Assessment
Chapter 15
Chapter 10
Comparison
Chapter 12
Comparison
Chapter 14
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(Chapter 7) which was followed by development of an a-priori finite element model 
(Chapter 8). A substantial temperature-based experimental program was implemented on 
the TPB arch span (Chapter 9). This data was utilized to further evaluate and develop the 
TBSI method (Chapter 10), TBSHM method (Chapter 13), and PTBA method (Chapter 
15). To allow for comparison of TBSI and TBSHM with current assessment approaches 
(Chapters 12 and 14, respectively), a best practices ambient vibration monitoring was 
performed (Chapter 11).  
The following sections present the overarching conclusions of the research project 
followed by more detailed conclusions. In addition, future research topics are provided. 
16.2 Overarching Conclusions 
This research into temperature-based methods for long-span bridge evaluation has 
provided three primary contributions to the field: 
1. Three temperature-based methods (TBSI, TBSHM, and PTBA) for long-span 
bridge evaluation have been developed and evaluated as part of this research and 
the following conclusions were drawn:  
a) TBSI has shown significant advantages using temperature-based FE model 
calibration for parameter identification. The primary advantages include a 
high sensitivity to boundary and continuity conditions along with the 
flexibility to identify both linear and nonlinear mechanisms. 
b) TBSHM is able to capture a distinct baseline that defines the nonlinear 
relationship between local strains, global displacements, and temperature 
variation which produces unique planes in 3D space. These planes are 
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sensitive to a variety of parameters indicating potential use for outlier 
identification.  
c) PTBA characterizes the performance of key mechanisms by measuring 
physically meaningful and easily interpreted response metrics. 
2. The three temperature-based methods were each compared and contrasted with 
current methods. The primary conclusions are as follows: 
a) TBSI was found to have several advantages over conventional ambient 
vibration-based model updating. These included the ability to identify 
boundary and continuity conditions. This was due to the force levels 
present during each test method, data processing techniques, along with 
the bridge movement time scales. 
b) TBSHM was compared with ambient vibration SHM techniques. The 
sensitivity of the temperature-based 3D planes was significantly greater 
than the vibration-based frequencies and modes shapes. Therefore, a 
temperature-based approach illustrated distinct advantages for outlier 
detection. 
c) PTBA was compared with visual inspection. PTBA illustrates advantages 
for evaluation of time-dependent mechanisms.  
3. Guidelines and recommendations were developed for each of the three 
temperature-based methods for assessment of common long-span bridge 
vulnerabilities. These guidelines were followed for application of each method 
on a long-span bridge (Tacony-Palmyra arch span). As a result the following 
recommendations were developed: 
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a) To perform a comprehensive characterization of a long-span bridge it is 
recommended to implement temperature-based (TBSI) and vibration-
based applications together. Neither method is absolute and should only be 
applied alone with specific objectives. Applying both methods to a long-
span bridge allows for an increased understanding of the boundary and 
continuity conditions along with the overall mass and stiffness of the 
structure. 
b) Long-term structural health monitoring systems implemented on long-
span bridges should include a temperature-based component (TBSHM). 
This temperature-based component should include measurement at the 
local and global levels. As a result, the 3D plane concept, developed as 
part of this thesis, can be implemented. The 3D planes provide a baseline 
for typical behavior that is sensitive to a variety of parameter changes. The 
3D plane limits identify clear bounds for data quality screening. In 
addition, this approach offers a clear graphical evaluation criterion that 
increases the speed of data interpretation. 
c) Visual inspection cycles of long-span bridges should be supplemented 
with PTBA. The primary purpose is to evaluate the performance of time 
dependent movement mechanisms (bearings, expansion joints, etc.). As a 
result, long-term durability of the structure can be assessed. In addition, 
PTBA should be implemented to evaluate the overall durability of the 
structure and proactively identify performance issues. 
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16.3 Detailed Conclusions 
16.3.1 Single and Multiple Element Experiments (Chapters 5 and 6) 
 The first objectives were to demonstrate temperature-based experimentation could 
be performed on single and multiple element specimens in a laboratory setting. The first 
experiments were of a steel plate and an aluminum plate subjected to uniform 
temperature change. The following experiments subjected a uniform temperature change 
to a steel frame and an aluminum and steel combined frame. The conclusions from the 
experiments included: 
 Temperature-based input-output relationship can be sufficiently measured with 
conventional sensing technology.  
 The input-output temperature relationship can be accurately simulated 
numerically using finite element analysis.  
 Continuity and boundary conditions can be identified through temperature-based 
finite element model and experiment correlation. 
16.3.2 Temperature-Based Field Experiments (Chapters 7, 8, and 9) 
The second research objective was to perform temperature-based field 
experiments on a long-span bridge. The TPB steel tied arch span was selected. Many 
conclusions were drawn directly from the temperature-based data. This included the 
following: 
 Substantial magnitude of strain, displacement, and temperature responses were 
recorded at the measurement locations. As a result, activation of various 
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movement mechanisms was present during the testing. In addition, signal-to-noise 
ratios were more than sufficient. 
 Local member temperature gradients were identified along with global bridge 
temperature gradients. Each of which were directly related to the orientation of 
the structure and position of the sun. 
 The nonlinear longitudinal displacement mechanism at the expansion bearings 
was characterized directly from the temperature versus displacement relationship. 
 Relationship between the measured strain, displacement, and temperature 
variation was identified as 3D surfaces unique to each location. 
 Field implementation demonstrated a rapid installation that was cost-effective and 
required minimal data storage and processing. 
16.3.3 TBSI Calibration Study (Chapter 10) 
The third research objective was to fully develop the TBSI method. This included 
implementation of the method on the TPB steel tied arch span. The primary conclusions / 
contributions were as follows:  
 A detailed temperature-based FE model calibration approach was developed. 
 Six critical parameters (boundary and continuity conditions) were identified on 
the TPB arch span using the TBSI method. 
 The FE model calibration was verified through comparison with the a-prior 
model. Significant improvement was identified through a 60% reduction in the 
objective function along with clear graphical improvement from the strain versus 
displacement plots. 
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 The FE model calibration was further verified through sensitivity studies with 
deterministic parameters. In addition, the global minimum was confirmed through 
post-calibration studies. 
16.3.4 TBSI Comparison with AVSI (Chapter 12) 
The fourth research objective was to evaluate the TBSI method through 
comparison with a more conventional ambient vibration-based structural identification 
(AVSI). The FE model calibration using the TBSI method versus the AVSI method 
characterized parameters in different ways. This was due to the force levels present 
during each test method, data processing techniques, along with the bridge movement 
time scales. In addition, the TBSI method identified nonlinear mechanisms where AVSI 
assumed near linear behavior essentially smearing the parameters. Each method had 
distinct advantages and disadvantages, which are briefly discussed below. 
 Slow rate "stick-slip" movement mechanisms, such as expansion bearings, are 
identified in different ways using the AVSI and TBSI methods. The AVSI method 
conducts measurements over a short timeframe (minutes) identifying only a 
portion of the parameter stiffness. The TBSI method can characterize the 
nonlinearity of the mechanism. As a result, the elastic stiffness and the "slip" 
forces can be identified. 
 For rapid "stick-slip" movement mechanisms, such as a slotted connection, AVSI 
identifies a much higher smeared stiffness compared to the TBSI method. The 
TBSI method is more capable of identifying the functionality of the mechanism. 
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 Parameters are not mutually exclusive. Identifying a parameter in a certain 
manner, in many cases, affects other parameters. The coupling of parameters must 
be taken into consideration when interpreting the results. 
 TBSI and AVSI methods provide an increased understanding of the boundary and 
continuity conditions along with the overall mass and stiffness of the structure. 
Neither method is absolute and should be paired together for true characterization 
of a structure.  
16.3.5 Conclusions Regarding TBSHM (Chapter 13) 
The fifth research objective was to fully develop the TBSHM method and 
implement on the TPB arch span. The objective of TBSHM is to provide a reliable and 
sensitive baseline for identifying parameter deviations throughout the life of the bridge 
allowing for proactive maintenance and preservation. A valuable relationship was 
identified between local strains, global displacements, and temperature variation. Plotting 
these measured parameters together produces 3D surfaces. This relationship was studied 
in detail to understand the influence various parameters have on these 3D planes. In 
addition, the potential use of these planes was evaluated as baseline criteria for a SHM 
system. The primary conclusions from the investigation included: 
 A simple beam benchmark study illustrated the modulus of elasticity and cross-
sectional area both affected the bounds of the 3D plane, but had no influence on 
the orientation. The coefficient of thermal expansion affected both the bounds and 
orientation of the plane while the length significantly affected the orientation. The 
external spring stiffness only affected the bounds of the plane.  
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 A continuous beam benchmark study illustrated a change in orientation of the 3D 
planes as a result of varying continuity condition stiffness. The sensitivity of the 
plane orientation was dependent on location of the member and intermediate 
support stiffness. 
 The case study and scenario analyses was conducted on a model with linear and 
nonlinear external boundary and internal continuity conditions concluded: 
o Linear internal and external mechanisms yield a line in 3D space. 
o Nonlinear external mechanisms control the location and bounds of the 3D 
surface. 
o Nonlinear internal mechanisms control the orientation of the 3D surface. 
 A benchmark study was conducted that included dead load variation due to the 
fact that field strain and displacement measurements include these effects. This is 
due to the impact temperature effects have on the boundary and continuity 
stiffness. Temperature effects alter the stiffness of these parameters which in turn 
affects the dead load distribution. Therefore, it was concluded that dead load 
variation should be considered for refined TBSI. 
 A sensitivity study using the TPB arch span FE model concluded: 
o The 3D planes have distinct bounds and orientation for each location. 
o The 3D planes were sensitive to the modified boundary conditions (west 
end bearing stiffness). The bounds of each plane were significantly 
affected, but the orientations of the planes were not. 
o The 3D planes were sensitive to the modified continuity conditions (east 
end slotted connections and lower chord connection stiffness). The bounds 
419 
 
and orientation of each plane were affected; however the orientation 
change for most locations was only to a small degree. 
 An automated system was successfully implemented for the TPB arch span that 
utilized the 3D surface concept to trigger alert criteria. 
16.3.6 TBSHM Comparison with Ambient Vibration SHM (Chapter 14) 
The sixth research objective was to evaluate the TBSHM method through 
comparison with a more conventional ambient vibration-based structural health 
monitoring (AVSHM). Long-term structural health monitoring shows greater promise 
through TBSHM of long-span bridges. This resulted from the following conclusions: 
 TBSHM is much more sensitive to parameter variation compared to AVSHM. 
 TBSHM obtains both local (strains) and global (displacement) measurements. 
However, the AVSHM performance measures (frequencies and MAC values) are 
greatly smeared and difficult to identify localized effects. 
 TBSHM offers clear visual interpretation criteria through the 3D surface plots 
from the strain-displacement-temperature relationship.  
16.3.7 PTBA (Chapter 15) 
The final research objective was to develop the PTBA method. The manner in 
which a long-span bridge responds to temperature variation can have a substantial effect 
on the durability of the structure. It can also provide indicators as to how the structure 
performs under other loading scenarios. Each structure includes unique mechanisms 
critical for the performance of the bridge. Breakdown of these mechanisms can have a 
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domino effect resulting in rapidly increasing rehabilitation costs. The following 
performance criteria were developed: 
 Quantitative measures were established to assess the current performance of 
specific boundary or continuity conditions (bearings, expansion joints, etc.). 
 Global assessment approach was recommended which focus on recovery of the 
structure. If the structure continually returns to a common state of equilibrium, 
this is an indicator the structure is performing properly. Otherwise, detailed 
evaluation must be performed to fully understand the situation and ensure gradual 
deterioration is not ensuing. 
 Structural members, connections, and substructure unit stress levels should be 
checked for overstress. Mechanism breakdown or other alterations to the structure 
can result in substantial transfer of intrinsic forces. 
16.4 Future Research 
 The following areas of future research should be considered: 
 The repeatability of TBSI, TBSHM, and PTBA should be investigated. This 
research implemented these methods on one long-span steel tied arch bridge. 
Further application of additional long-span bridges of various structural forms 
would solidify the method. 
 Further investigation into the simulation of non-uniform temperature variation 
throughout the structure is recommended. In this research near uniform 
temperature variation was targeted for St-Id and SHM applications. 
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Characterizing the continual changes in the structure due to temperature variation 
could identify further mechanisms within the structure. 
 Additional research should be conducted on the limitations of vibrating wire 
(VW) strain gages under direct solar radiation (covered and uncovered). Solar 
radiation can heat VW gages faster than the member surface resulting in 
inaccurate measurements. This was briefly invested as part of this thesis, but a 
more thorough investigation is recommended. 
 Investigation into different sensing technologies for temperature-based methods 
should be performed. Fiber optic sensors may be a valid alternative to VW 
technology. 
 A simple algorithm was developed for TBSHM 3D plane concept. Further 
algorithm development for characterization of the 3D planes and identification of 
outliers should be performed. 
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